UNCLASSIFIED

ap 292 213

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When govermment or other drawlngs, specl-
fications or other data are used for any purpose
other than in connection with g definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data 1s not to be regarded by implication or other-
wlse as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



- . e~ " . - - gy * N
LT R el TaaEe . .
R PR : T e : T

- T - . - .
; . - - : - ¥
L L - e - .
- R . T
N oo L - T -,
o . -~ LT = D, oW T - .
- . P R e e,
- - . e ! T - -
Ce T . T - PO S : ! D N
T . ST -
. . .- _n . .- e ~ . - - e )
- . . - Y -7 L . . . w- . T e

!
]

LI
NI
.

v

v
o .

S
)
P
‘

'

'
2 ‘
[
P
PR
' .
o

e
.

'

)
Y

f
T
L
Y
ME

A

'

v

fo

/J
. * 5

=

t } .
OP

v
’

KENTUCKY -

\

)
'
v

f

'
v
+
.
[
- -
N
¥
.
v

ORPOR

v
v
¥

[

'

DEV

B R S - L &
o & Q=
T T w2

!
. L}
i
L
' ¢
,
;
.
;
_

.. R Tl




oS - ¥ LA

DESIGN 3TUDY

oN

THE GENERATION OF HYDROGEN FROM METHANOL
FOR
FUEL CELL SYSTEMS ON BOARD SUBMARINES

FOR
BUREAU OF SHIPS
UNITED STATES NAVY
CONTRACT NObs - 86743
SERIAL NO. SF013-06-04 - TASK 4377

GIRDLER JOB NO. 131-5414
COPY NCo & _

GIRDLER CORPORATION
LOUISVILLE, KENTUCKY

OCIOEER 12, 1962




¥ a4 Lt

HeA, Bennett,.Jr,

‘%@5%&&

G4

Dre Re Le Harvin

B9 Pyte, )

Yr. B.JLMayland

REPORT BY:

GIRDLER CORPORATION
LOUISVILLE, KENTUCKY

October 12, 1962



I.
II.

I1Il.

SUMMARY

TABLE OF CONTENTS

INTRODUCTION

GENERAL REVIEW OF HYDROGEN FRODUCTION FROM METHANOL

A,

Be

Ce

De

General Discussion

1.

2e

Generation

ae. Heforming

be Adiabatic Reaction

ce Thermal and Catalytic Cracking
Purification

a. Carbon Dioxide Removai

be Carbon Monoxide Removal

Review of Catalysts Information

Equilibrium Study and Thermodynsmic Considerations

le

2,

Product Composition

as Adigbatic Reaction

b. Reforming

Enthalpic Considerations

a. Reactor Inlet Temperature
bo Heat Input Requirement

ce Flame Temperature

Physical and Thermodynamic Properties

Page No,
I-1
IT-1
IIT-1
ITI-1
III-1
ITI-1
ITI-1
III-2
III-2
1I1-3
IT1-3
III-4
1115
IIT-5
II1-5
III-7
I1I-8
I11-8
ITI-8

IT1-9

iy
=
=
I
~J



DISCUSSION OF PRELIMINARY PROCESS STUDIES Iv-1
A. Adiabatic Reactor v-1
1. Steam Ratio of 2,0:1 Iv-1
2+ Stsan Ratio of 4.0:1 v-2
Bes Reformer Iv-2
Ce Palladium Diffusion Purification -3
1. General Iv-3
2e Treatment of Total Crude Product V-4
3, Treatment of Crude Product with Water Removed Iv-5

L. Treatment of Crude Product with Water and
Carbon Dioxide Removed w-5

D, Purification by Low Temperature Absorption in Methanol IV-6
E. Purification by Low Temperature Adsorption Iv-7

F, Purification by Girbotol Scrubbing and Methanation Iv-8

PLANT DESIGN V-1
A, Process V-1
le. General v--1
2. Selection of Non-Adiabatic Process V-1
3, Selection of Concentric Tube Design V-3
Lo Selection of Palladium Diffusion Purification V-5
5+ Pressure Level of Operation V-7
6. Oxygen Addition for Process Assist V=7
7. Discussion of Flow Diagram V-9
B. Detailed Process Calculations v-13

le Material and Heat Balance v-13



Ce
Do

E.

2 Utility Requirements

3+ Equipment Sizing

Mechanical Details of Major Equipment
Inst;umentation

Physical

Vlie DISCUSSION OF CHARACTERISTICS

A.

B.

Co

VITI. Di5

A.

B

‘Physical

1. Design Advantages

2e Desirable Altermatives
3. Scale-up

Operating

1. Start-up

2. Normal Operation

3« Shut-down

L. Power Consumption at Various Rates
5. Response Time

6. On-stream Factor
General

le Fuel

2o Disposal of Waste Gases

Je Air Operation

GUSSION OF DESIGN VERIFICATION

Process

Equi.pment

Page Noo

v-27
v-28
v-33
V-33
V-35
VI-L
VI-1
VI-1
VI-2
VI-3
V-3
Vi-3
VI-5
VI-6
VI-7
VI-7
VI-8
VI-8
VI-8
VI-9
V1-9
VII-1
VII-1

V1i-

Ay



Ce Ingtrumentation
D. Experimental Plan

VIII. APPENDIX



o,

TABIE

No.

ITI-1
ITI-2-1
III-2-2
ITI-3
IIT-4
III-5
III-6
III-7
II1I-8
III-9

III-10

LIST OF TABLES

TITLE

Summary of Catalyst Results

Physical

Properties of Methanol

Specifications of Methanol

Enthalpy
Enthalpy
Enthalpy
Enthalpy

Enthalpy

‘Enthalpy

Enthalpy

and Physical Properties
and Physical Properties
and Physical Properties
and Physical Properties
and Physical Properties
and Physical Properties

and Physical Properties

of Oxygen

of Hydrogen

of Water

of Carbon Monoxide
of Carbon Dioxide
of Methane

of Methanol

Equilibrium Constants and Heats of Recctilon for the
Water Gas Shift Reaction

Summary of Raw Materials and Utilities zt Varicus

Rates



FIGURE

_No.
III-c-1
ITI-C-2
III-C-3
III-C-4
III-C-5
III-C-6
II1T-C-7
III-C-8
ITI-C-9
ITI-C-10
III-C-11
I1I-C-12
ITT-C-13
III-C-1,
III-C-15
III-C-16
III-C-~-17
III-C-18
III-C-19
II1-C~-20
III-C-21

I1I-C-22

LIST OF FIGURES

TITLE

Oxygen Requirement for Adiabatic
Oxygen Requirement for Adiabatic
Oxygen Requirement for Adiabatic
Oxygen Requirement for Adiabatic
Oxygen Requirement for Adiababic

Oxygen Requirement for Adiabatic

Reaction
Reaction
Reaction
Reaction
Reaction

Reaction

at 400°F,
at LOO°F,
at 600°F,
at 600°F,
at 800°F,

at 800°F,

Carpon Monoxide Production In Adiabatic Reaction at 400°F.

Carbon Monoxide Production In Adiabatic Reaction at 400°F.

Carbon Dioxide Production In Adiabatic Reaction at 4O0°F,.

Carbon Dioxide Production In Adiabatic Reaction at 400°F,.

Hydrogen Production In Adiabatic Reaction at LOO°F,

Hydrogen Production in Adiabatic Reaction at 400°F,

Water Production In Adiabatic Reaction at LOC°F.

Water Production In Adiabatic Reaction at 4LO0°F,

Carbcn Monoxide Production In Adiabatic Reaction at 600°F,

Carbon Monoxide Production In Adiabatic Reaction at 600°F,

Carbon Dioxide PFroduction In Adiabatic Reaction at 600°F.

Carbon Dioxide Production in Adiabatic Reaction at 600°F,

Hydrogen Production In Adiabatic Reaction at 60QC°F.

Hydrogen Production In Adiabatic Reaction at 600°F,

Water Production In Adiabatic Reaction at 600%F,

Water Production In Adlabatic Reaction at 600°F,.



FIGURE
No,.

I11~C~23
I1I~C~24
ITI-C~25
11I-C-26
TII-C-27
II1-C-28
I1I-C-29
I1I-C-30

I1I-C-31
III-C-32

JI1-C-33

I1II-C-34
ITi-C-35

III-C-36

LIST OF FIGURES
Contd,.

IITLE
Carbon Monoxide Production In Adiabatic Reaction at 800°F,
Carbon Monoxide Production In Adiabatic Reaction at 800°F.
Carbon Dioxide Production In Adigbatic Reaction at 800°F.
Carbon Dioxide Production In Adiabatic Reaction at 800°F.
Hydrogen Production In Adiabatic Reaction at 800°F. |
Hydrogen Production In Adiabatic Reaction at 800°F,
Water Production In Adiabatic Reaction at 800°F,
Water Production In Adiabatic Reaction at 800°F.

Effect of Reaction Temperature on iHydrogen Production
In Adiabatic Reaction

Reactor Inlet Temperature at Various Steam Ratios For
Adiabatic Recction of Methanol and Steam

Preheat Requirement at Various Steam Ratios

Heat Requirement at Various Steam Ratios, Reaction
Temperature = L00°F,

Heat Requirement at Various Steam Hatios, keaction
Temperature = 600°F.,

Heat Requirement at Various Steam Ratics, Reaction
Temperature = 800°F,

Total Heat Requirement at Varlous Steam Ratics
Effect of Steam Ratic On Flame Temperature
Vapor Preasure of Methanol and Water

Flow Diagram, Gas Generation Adlabatic Reactor

Flow Diagram, Gas Generation Reformer Furnace



FIGURE

No.

v-C--1

v-C-2

Iv-C-3

IV-C-4

LIST OF FIGURES
Contd,

TITLE

Flow Diagram, Gas Purification Palladium Diffusion,
No Prior Carbon Dioxide or Water Removal

Change In Number of Cells Required with Hydrogen
Recovery for Various Hydrogen Feed Purities.

Flow Diagram, Gas Purification Palladium Diffusion,
Prior Water Removal

Flow Diagram, Gas Purification Palladium Diffusion,
Prior Carbon Dioxide and Water Removal,

Flow Diagram, Gas Purification, Low Temperature
Methancl Scrubbing

Flow Diagram, Gas Purification, Low Temperature
Adsorption

Flow Diagram, Gas Purification, Standard Girbotol and

{fethanation

Process Flow Diagram, Hydrogen Generator for Fuel
Cell

Temperature - Heat Load Diagram

Effect of Production Rate on Raw Material Consumption

Engineering Drawing, Methanator
Engineering Drawing, Saturator
Engineering Drawing, Feed Vaporizer
Engineering Drawing, Reformer
Engineering Drawing, Separator
Plan View, Hydrogen Generator
Elevation, Hydrogen Generator

Isometric View, Hydrogen Generator

-3



I,

SUMMARY o deusionts

The Bureau of Ships of $he United’ggg;es Navy contracted with the Girdler
Corporation to prepare a design/for the manufacture of for fuel

cell application aboard” submarines using methanol as the raw material.
Girdler's experience in the develomment, design, and manufacture
scale processing plants for portable and submarine use asg
mental know-how in the synthesis gas generation
was used as the basis for the initial studies,

T as experi-~
urification field
As an aid in studying and

evaluating the process problems)a nunber of gensral thermodynamic calcu-
lations were made and charts constructed. These should prove useful in

future phases of the methanol program.
;§;;:éerb-eﬁ—i*ﬁ§r1mm&gnment a number of routes werglinvestigated. Con-

sidering the state-of-the-art and the particular requirements of the sub-
marine application the evaluation led to the propossd processing sequences
The process consigts essentially of the following steps:

Sonme

l. Pumping and vaporizing liquid methanol, condensate, and
OXYEeClle

2. Catalytic refor ming of steam and methanol with provision
for direct exygen injection into the reaction zone.

3. Directly feeding the crude hydrogen to a palladium dif-
fusion unit for purification.

L« Passing through a methanator to guard against possible
carbon monoxide leakage.

5« Cooling and saturating the product hydrogen.

6. Burning the purge gas with oxygen in the feed preheater
under pressure and disposing of the flue gas directly to the
sea after condensing out the water.

of the specific advantages of the present design are as follows:

1, Minimum maintenance is required making 10 days of con-
tinuous operation easily attainable,

2. Compact design is readily adaptable to the 58C hull de-
sign.

3, Major pieces of equimment either fit through a 25" diam-
eter hatch or can be constructed on board.

L. Heat loss is minimized by enclosing the high temperature

reactors and the palladium diffusers in a common insulated
DOXe

I-1



I. SUMMARY ~ contd.

5« Sound generation is minimized by reducing requirements
for moving equipment.

6. Response time for startup, shutdown, and change of rate
is very rapid.

7. Oxygen injection in the reaction zone gives an assgist in
the acceleration characteristics of the unit.

8. The proposed design lends itself to scale up to large
capacities without penalty.

9« Hydrogen inventory is kept within tolerable limits.

10. There is the alternative of condensing and storing the
COp in the flue gase.

1l. Requires no solutions or storage of other chemicals
for cperation of the unite.

12. The unit does not generate extraneous material which
would contaminate the submarine atmosphere or result in
a disposal problem.

13, The design can be fully automated and lends itself tc
anticipatory computer control for advantageous response
characteristics.

14. The unit can be operated on air with littie loss 1in
efficiency with addition of air compression.

15, Methanol requirements can be reduced by substitution
of diesel oil or other fuels for part <f the firing duty,

Methanol as a raw material for generating hydrogen on board submarinesg
has very many advantages over other materials such as diesel oil, jet
fuel, or ammonia., Methanol is a relatively pure chemical, widely avail-
able and easily stored and handled. The process problems are relatively
well known with reasonably satisfactory solutions., Methanol does not
give rise to undesirable by-products which would result in difficult dis-
posal problem on the submarine, There is reason to believe that ethanol
could be easily substituted for methanol,

In preparing the present design a number of uncertainties were encountered

which require experimental verification. Some of these inveolve process
problems which can best be studied in a bench scale or smali pilol plant

I-2




T SUMMARY - contd,

set-ups. Others involve equipment and control problems which can best
be studied in a prototype unit.

Two approaches are proposed for the second phase of the programe

l, Carry out bench scale program before going to proto-
type unit,

2+ Carry out bench scale and prototype programs simul-
taneously.

The first approach is recommended as the most rational and to be pre-

ferred unless time schedules are overriding in which case the second
route s.aould be considered.

1-3




II. INTRODUCTION:

During the past few years increased interest has been shown in the use
cf fuel cells as a means of converting fuel to energy., As yet the fuel
cell technology has not developed to the point of using directly a raw
fuel such as gasoline or fuel oil., These fuels are used only as a raw
material source of a highly purified converted fuel, usually hydrogen.

The conversion of these fuels into hydrogen and its purification involve
complex chemical reactions and processes. The design and operation of
the equip=cnt for this fuel conversion is further complicated by the need
of variable rate production or the inclusion of an extensive hydrogen
storage facility, Efficient design of the hydrogen production facilities
is of the highest importance as the overall attractiveness of fuel cells
is dependent upon an efficient source of fuel.

The sources of hydrogen are many and varieds Much commercial experience
has been gained over the years in converting these sources to hydrogen
for other uses. However, the same experience can be called on in manu~
facturing hydrogen for fuel cell use. Some of the more commonly used
sources are natural gas and petroleum oils, while during World War II
methanol was used to some extent.

In looking for new sources of power for submarines the Bureau of Ships,
United States Navy, quite naturally became interested in the fuel cell.
Besides the high efficiencies attributed to fuel cells other advantages
become quite apparent. A fuel cell has quick response together with a
relatively high turndown ratio, If hydrogen is the fuel the by-product
is water, a material very easily disposed of should the quantity be-
come excessive. The operation of a fuel cell is quiet and the power is
produced in a readily usable form.

Because of these advantages the Navy started a search for a source of
fuel for the cells. The high inflammability and supply problems made i
storage and use of pure hydrogen as the primary fuel unattractive. .
Another factor ruling against pure hydrogen is that considerably more

energy is avallable in the hydrocarbon fuels than in pure hydrogen when

based on volume. With hydrogen eliminated as the fuel toc be carried )
cn board the submarines some means of hydrogen production had to be

developed, Various readily available fuels were chosen as possible )
fuels and several means of producing hydrogen from each of these fuels

were deemed feasible,

The Bureau of Ships of the United States Navy, contracted with the Girdler :
Corporation {Nobs 86743) (Project Serial No. SF013-06-OL, Task 4377) to i
study the various means of producing hydrogen from methancl suitable for
use in a fuel cell., Because of the many ways that hydrogen could be pro-
duced from methanol it was necessary to define the limitations that would

IT-1




II, INTRODUCTION -- contd.

be imposed upon the process. The plant was to be designed with a maximum
capacity of 70 lbas/hr. of hydrogen of =sufficient purity for use in fuel
cells, The minimum capacity was to be 4 lbs/hr. and the normal operating
rate was to be 20 lbs/hr. The plant was to have minimum response time

to changes in demand., It was to operate without down time for 10 days

and at the maximum rate for 10 hours in 2 hour periods. Cooling water
(salt free) at 95°F. and cryogenic oxygen cooling from the amount of oxygen
needed to generate the hydrogen and consume it in the fuel cell was to be
available. The system optimization was to be based on minimum weight and
volume, high overall efficiency, minimum noise, high reliability, minimum
hazard, minimum maintenance and cost, minimum oxygen consumption, and mini-
mum gas leakage or purging to atmosphere. The study was to include an
enumeration of engineering and chemical assumptions which require verifi-
cation by laboratory or engineering tests and 2n evaluation of the times
needed for start-up, shutdown, and minimum to maximum operation., Also,

to be included were heat and material balances, size and arrangement of
equipment, power consumption, fuel storage, and piping and instrumentation.
The raw materials to be used were liquid methancl at pressures equivalent
to the submergence depth, liquid oxygen with 0.5% Argon, and condensate
from a sump at atmospheric pressure. The product hydrogen was to be de-
livered at essentially atmospheric pressure, 140°F., and saturated with
water. The amount of impurity is not critical since some purging from

the fuel cell can be tolerated but CO and HpS are known to be poisons

for certain fuel cell cabalysts., (O, tends to neutralize an alkaline

fuel cell medium although some can be tolerated in a fuel cell using an
acid medium, It should be emphasized that the three most important

design considerations were compactness, rapid response to changes in out-
put demand and safety. In connection with safety, a hydrogen inventory

of less than 900 SCF was considered desirable so as to limit the danger

of explosive mixtures in the submarine in case of severe equipment failure.

With the above specifications as a guide the Girdler Corporation first
studied the equilibrium and thermodynamic considerations governing various
methods of producing hydrogen from methanol. From these results several
schemes for the generation and purification cycles were evaluateds The
evaluation was made keeping in mirnd the above factors and the overall
efficiency of the scheme, A final scheme was sclected and preliminary
designs of equipnent and auxiliaries were prepared. Complete energy

and material balances were calculated and the equipment volumes and weights
and the operating requirements were determined.

In the examination of this report it must be kept in mind that the design
contained herein is not completely engineered, Laboratory and pilot plant
work needed to complete the engineering design was beyond the scope of
the contract and was no! considzsved a part of this study. Factors that
require further testing or design refinement are discussed in Section VII,

IT-2




III, GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL:

Ao

General Discussion

l. Generation

The use of methanol for the production of hydrogen can
be accomplished by several means. Of all these methods
reforming, adiabatic reaction, and thermal or catalytic
cracking are of major concern and are discussed below.

a. Reforming

By reforming is meant a series of reactions in
which the methanol in the presence of steam is
catalytically converted to hydrogen, water, car-
bon monoxide and carbon dioxide. This conversion
is usually accomplished at temperatures in excess
of 500°F, The reaction 1s usually carried out in
catalyst filled reformer tubes located in a com-
bustion chamber. The heat for the reaction is
supplied by the combustion cf fuel and is trans-
ferred through the tube walls The composition

of the products formed is dependent upon the steam
to methanol ratio in the reactants, temperature,
pressure, type of catalyst employed; and the length
of time the reactants are at temperature and over
the catalyst. The overall stoichiometry of the
reaction may be represented by the following two

equationss
CH30H = C0 + 2Hs Reaction (1)
CO + Ha0 = (C0p + Ha Reaction (2)

Because the net reaction is endothermic large
quantities of heat must be supplied, Undesirable
side reactions include the formation of methane
and carbon. These reactions can be minimized by
choice of catalyst and operating conditions.

be Adiabatic Reaction

Adiabatic reaction refers to the reaction taking
place over a catalyst without heat being added
directly to the reactants. The energy needed for
the reactions, which are governed by the same
equations as given under reforming above, is sup-
plied by either sufficient sensible heat in the
reactants or by the addition of oxygen to the

ITI-1




III. GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contde

reactants upcen entering the reactor,s In the

latter case, the quantity of oxygen is not suf-
ficient for the complete combustion of the methanol
present, The heat generated by the partial oxida-
tion of methanol heats the reactants to a point that
upon cooling the reactants give up the heat neces-
sary for the endothermic reactions. The proportions
of the products produced are controlled by the ratio
of oxygen to methanol, the ratio of steam to methanol,
and the degree of feed preheat. The heat generated
in this system goes directly to the reactants; re-
quiring no transfer across tubes and resulting theo~
recticaily in more efficient use of fuels One major
drawback to this system is the fact that the com-
bustion products, carbon dioxide and 'water, remain
in the product gas and increase the purification
duty. Another is the problem of setting up a
suitable set of catalyst beds to promote the oxi-
dation reaction as well as the reforming routine.
From a theoretical standpoint the oxidation reaction
can be carried out externally and the hot flue gases
added to the rest of the reactants and poured over
the catalyst but the equipment becomes more complexe.

co Thermal and Catalytic Cracking

Strictly thermal cracking is subject to extensive
carbon deposition. Carbon removal would cause

much down time with a subsequent low efficiency.
Catalytic decomposition of methanol to carbon monoxide
and hydrogen can be carried out successfully. How-
ever, it is expedient to obtain additional hydrogen
by conversion of the carbon monoxide with steam as

in the reforming reaction, Neither of these methods
are deemed feasible for this present applicatione.

2. Purification

Three compounds constitute the bulk of the impurities formed
with the hydrogen produced by either the reforming or partial
oxidation processess They are carbon monoxide, carbon dioxide,
and water. The bulk of the carbon monoxide is removed by the
water gas shift reaction shown in Reaction (2). However, for
fuel cell applications hydrogen of approximately 99+% purity
is desired. For further purification additional steps are
requireds The meihods described below are but a few of the
possible systems that can be employed,

i1i-2




IIT, GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contd.

ao (Carbon Dioxide Removal

Experience has shown that many systems are practi-
cabie for the removal of carbon dioxide. Aqueous
solutions of the ethanolamines have proven to be
effective for carbon dioxide removal down to very
amall quantities., Higher energy requirements for
regeneration of the solutions are a detriment.
Potassium carbonate solutions; particularly with
organic or inorganic additives, are very efficient
for bulk carbon dioxide removal. Excellent puri-
fication can be obtained by this system but at
considerable increase in cost, Low temperature
systems with methanol sciubbing or in conjunction
with molecular sieves (solid adsorbent and chemi-
cal conversion systems (methanation) are other
means.

be Carbon Monoxide Removal

Because of the need for compactness of equipment,
carbon monoxide removal by several of the more con-
ventional means (multiple stage carbon monoxide
conversion, Cu-liquor solution absorption, etc.)

is not applicable. Methanation is an effective
means of removing small quantities of carbon monoxide
but it adds methane to the product and reduces the
yield of hydrogen. However, if the efficiency of the
catalyst used for producing the hydrogen is great,
the amount of carbon monoxide in the product will be
small enough for methanation to be practicable.

The most efficient means for the separation of hy-
drogen from the impurities listed is diffusion
through palladium. This system has rapid response
to changes of rate, has a high turndown ratio, and
is relatively compact. It does require that the
impure hydrogen be at high pressure (200 psi or
greater) and that certain palladium poisons be ab-
sent.

Various purification schemes were studied keeping
in mind the conditions for use as described above,
The advantages and disadvantages of each were con-
sidered, The results are contained and discussed
in Section IV,

I1%-3




I1I.

GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL ~ contd.

Be Review of Catalyst informaticn

Many catalysts for the production of hydrogen by reforming
hydrocarbons have been developed over the years., Because

of the ample supplies and relative low cost of petroleum
products most of the reforming catslysts have been for these
materials, Little interest ha. been shown in the use of
methanol as a source of hydrogen. One exception to this was
during World War II when the U,S. Armmy showed interest in
using methanol as a fuel for small portable hydrogen plants.
The Girdler Corporation did some laboratory work at that
time in search of an efficient catalyst for this reaction.
Many types of catalyst formulations were tried, some showing
considerable promise. The summary below contains results on
some of the catalyst formulations tested, Much of this
earlier work is tabulated in Table III-1;

1. A catalyst consisting of 50% Cu~50% Mn was prepared
from the sulfates of the metals. It gave a high yield

at temperatures as low as 480°F. and produced only small
concentrations of impurities, It could be compressed into
hard pellets with sase with only a slight loss in activity.
This catalyst had a strong dehydrogenating activity on
pure methanol, decomposing it almost completely according
to the reaction:

CHsOH = CO + 2 Hp

2. Catalyst of varying amounts of copper and iron were
tested experimentally at temperatures of 660°F, Compo-
sitions from 25 Cu-75 Fe to 75 Cu-25 Fe were reported
to give extremely low impurities.

3. Catalysts containing iron, nickel and either copper
or chromium were found to promote the reaction CH30H =
2 Hz + COs The nickel containing catalysts of this
gseries tended to yield more unsaturated hydrocarbons
then some others,

Le Methanol was successfully reformed using a combin-
ation of Girdler catalysts in a single reaction. The
steam ratio was varied from 1.25 to 2,97 giving ylelds
of 9805% to 99%0

The catalyst used in the production of 27 mobile hydro-

gen plants built by Girdler Corporatiocn for the U.S.
Army was the E.I., DuPont catalyst GCNe Inquiries have

I1I-4




III. GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contd.

Co

revealed that this catalyst is not now in production.

A survey of catalyst manufacturers indicate that there
are a number of catalyst formulations that may be sat-
isfactorye. Experimental work in Girdler laboratories

on a number of presently available catalystsindicates

this to be the case.

It is interesting to note that at the time of develop-
ment of the process for the portable Army units the
purity of the methanol ranged from 90 to 100%. Evidence
was gathered indicating the performance of ths catalyst
to be dependent up.a the purity of the methanol used,
The purity of methanol ccmmercially available now is
99.85%, Some of the more common physical properties

of this methanol are summarized in Section III-D,

Equilibrium Study and Thermodynemic Considerations

le Product Composition

Before a design for the production and purification of
hydrogen could be made it was necessary to study the
equilibrium of the two reactions:

CH30H 0O + 2 Hp (Reaction 1)

CO + Hx0 = COp + Hp (Reaction 2)

and the thermodynamic characteristics of the various
proposed schemes, It was decided that the most
practical way for the hydrogen generation was by re-
forming, adiabatic reaction or some combination of the
two. Several factors affecting the product composition
were studied and all of these factors could be varied
by changing the operating conditions. The three im-
portant variables were steam to methanol ratioc, pre-
heat temperature, and reaction temperature.

ae Adiabatic Reaction

For the adiabatic reaction study it was neces-
sary to add oxygen to the steam-methanol feed
mixture in quantities to supply sufficient

heat by combustion to balance the heat require-
ments, The heat load depended upon the preheat
and reaction temperatures. The system was in

III-5
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GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL -~ contd.

effect a partial oxidation reaction with various
quantities of steam added to effect a miscel-
laneous shift of CO to the Hz and COp in a cata-
lytic reactor. In order to determine the amounts

of products to be expected, the thermodynamic
characteristics of the reaction were reviewed. From
a study of the literature it was seen that the re-
action temperature would most likely be between LOO°F,
and 8Cu®F. Calculations were then based on reaction
temperastures of 400°F., 600°F,, and 800°F, with feed
gas temperatures from 100°F., to 600°F, The molal
steam to methanol ratio, was varied from O to 8,

To determine the equilibrium compositions at the
various conditions it was first necessary to assume
an amount of oxygen in the feed, the steam to meth-~
anol ratio and reaction temperature. The thermody-
namic equilibrium and rate of Reaction (1) were
assumed sufficient to carry it to completion, The
overall equilibrium, therefore, was determined by a
material balance and the equilibrium of Reaction (2),
The equilibrium constant equation,

K = 00 x Hp
COXHgO

(K being for a specific reaction temperature) was
solved to determine the final product compositione
Assuming an adiabatic reaction a heat balance cal-
culation gave the feed temperature, If the feed
temperature was not within the range desired, a
new oxygen value was assumed and the calculations
were repeated,

The results were plotted as mols of oxygen per mol
of methanol vs. the feed preheat temperature. A
separate plot for each of the reaction temperaturcs
was made. Straight line parameters for the steam
ratio were used (See figures III-1, 3, 5). From
these graphs cross plots were made. The oxygen in
the feed was plotted against the steam ratio with
parameters of feed preheat temperature. Again a
separate plot was made for each of the reaction
temperatures. (See Figures 1I1-2, 4,6).

The calculated equilibrium quantities of the products
are summarized in graphical form. The quantities are

I1I-6
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expressed as mols of product per mol of methanol
reacted, The results are grouped according to
the three reaction temperatures, L00°F,, 600°F.,
and 800°F, The data are presented in two ways:
Product vs feed preheat temperature with para-
meters of steam ratio and product vs. steam ratio
with parameters of feed preheat temperature. It
is to be noted that the quantities of the products
vary greatly with the steam ratio. Therefore, care
must be exercised in the use of the graphs as the
scale calibration may not be continuous., (See
Figures III-C-7 thru III-C-30).

It is noted that the amount of oxygen required is
independent of the steam ratio (above 1.0) and

the reaction temperature as long as the feed pre-
heat temperature is equal to the reaction temper-
ature, This is explained by the fact that the only
heat needed is that for the endothermic reaction,
The product curves indicate that from the equili-
brium point of view the minimum desirable steam
ratio is between 1.0 and 2,0.

Figures III-C-31 shows the variation in the hydrogen
production with reaction temperature for a given
preheat temperature., It demonstrates graphically
that as the reaction temperature increases, the
fraction of the methanol used as fuel increases.
However, the lower the reaction temperature the
lower would be the expected catalyst activity and
the lower the methanol conversion.

b, Reforming

The same equations and equilibrium constants, govern
the mechanisms whether the reaction takes place in
an adiabatic reactor or in a reformer. There would
be no oxygen addition to the feed for an ordinary
reformer. Therefore, there would be a shift in the
ratios of carbon monoxide to carbon dioxide and hy-~
drogen to water in the product. However, this dif-
ference is gmall, and for evaluation purposes the
same curves used in the adiabatic partial oxidation
studies can be applied. The actual composition
of the product is dependent upon the catalyst em-
ployed and the approach to equilibrium attained,

In all cases the compositions were based on a 100%
approach to equilibrium,

III-7
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2o Enthalpic Considerations

a. Reactor Inlet Temperabure

In an adiabatic reactor where the reaction is
endothermic it is necessary that the reactants
enter the reactor at some elevated temperature
and that the heat is supplied from the sensible
heat in the reactants. The reaction will proceed
and the equilibrium will be established at some
temperature lower than the inlets A number of
calculations were made to determine inlet temper-
atures that would supply the heat needed for the
reaction to proceed at the three temperature
levels; 400°F,, 600°F, and 800°F, The basis for
the calculations was the heat of the reaction as
given below:

CHsOH (g) + H20 (g) = 002 (g) + 3 Hz (g)
AH = 21,300 BTU/Mol

The reactor inlet temperature was taken as the
temperature at which the enthalpy of the react-
ants was equal to the sum of 21,300 Btu and the
enthalpy of the products at the appropriate
reactor temperature, The results are summarized
in a useful form in Figure II1I-C-32, In these
calculations no allowance was made for heat loss
from the reactor.

be Heat Input Reguirements

In the case of endothermic reactions it is obvious
that a source of heat energy is needed, The
source of this energy can be the combustion of a
fuel, electric power; or high level waste heat
from some other process. In the application being
considered no waste heat is available, Likewise,
since the ultimate use of the hydrogen is the pro-
duction of electrical power in the fuel cell the
source of heat should be other than electriciiy.
The combustion of methanol with oxygen was there-
fore selected as the source of high temperature
heat, The amount of heat required is dependent
upon the steam ratio and the reactor exit temper-
ature., The total heat load can be broken into two

I111-8
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parts, preheat requirements and reaction heat
requirements, The liquid feed (CHz0H and water
assumed at 60°F.) must be heated to the boiling
point, vaporized, and then superheated to the
reactor inlet temperature.

In Figure III~C-33 are summarized the preheat re-
quirements in thousands of BTU/Mol of methanol
needed to convert the liquid methanol and water
at 60°F, to superheated vapor at the various pre-
heat temperatures, As would be expected the pre-~
heat requirement is a direct proportion to the
steam ratio. Figures III-C-34, 35, and 36 con-
tain the reaction heat requirements of converting
the CH3OH-HpO mixtures at different preheat temp-
eratures to product at the reactor exit tempera-
ture. The total heat requirement for the various
steam ratios is contained in Figure III-C-37.

ce Flame Temperature

In the use of a direct fired reactor or heater care
must be taken to keep the flame temperature within
the design limits, If the flame temperature becomes
excessive there is danger of exceeding the limitation
of materials and damaging equimment. In the case of
using pure oxygen rather than air as the oxidant,

the flame temperature becomes much higher because
there is no nitrogen present to act as a diluent.

In the present design water is added to the com-
bustion mixture to act as a substitute for nitrogen.
In the combustion process the water is vaporized and
superheated and therefore absorbs both latent heat

and sensible heat, Figure ITI-C-38 presents data

on the flame temperature with various steam ratios

and preheat temperatures, It should be noted that

no correction was used for the disassociation of COz
and Hz0 at temperatures above 3000°F, In general

the disassociation would have some temperature lowering
effects This effect is not deemed sufficient for con-
gideration in this study,.

D¢ Physical and Thermodyrnamic Properties

In Table III-2 are summarized the physical properties of methanol.
It was obtained from the btrochures of methanol manufacturers and

-
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is descriptive of the methanol presently available in large
quantities.

The vapor pressure of methanol, water, and a 2.0:1 steam to
methanol mixture is presented in Figure III-D-l. The 2,0:1
steam ratio was treated as an ideal solutioi. This curve
may be in some error because of the non-ideal nature of
methanol-water solutions but the error is believed to be
small,

Tables I1I-3 through III-9 contain the absolute enthalpies
above the elements, heat capacities, and logarithms of the
equilibrium constants of formation of the major constituents
involved in the production of hydrogen from methanol, Table
ITII-10 contains the equilibrium constants and heats of re-
actions for the water gas shift: CO + Hx0 = COz + Hp,

These data are presented in this report in order to make
available in a convenient form the data which are the basis
of process calculstions developed in the present study
(Contract Nobs 86743). The major part of the information

is taken from publications by the National Bureau of Standards.
Suitable interpolations were made so that the Fahrenheit tem-
perature scale could be useds The data have been critically
evaluated and are believed to be the most accurate data avail-~
able pertaining to the respective chemical species and re-
actions described. The data were extracted from a larger
compilation made in 13954 uy ithe Gas Frocesses Division of The
Girdler Company, an antecedent of the Girdler Corporation.

II1-10
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TABLE III-2-1

PHYSICAL PR

Boiling Point at 760 mm Hg

Critical Pressure

Critical Temperature

Density of Liquid at 59°F,
68°F,
77°F.

Explosive Limits, in Air

Flash Point, Tag Open Cup
Tag Closed Cup

Freezing Point

Heat Capacity, Cp Liquid, 32°F,
77°F.

TIES OF ME

Heat of Combustion (1iq) C02(g) & Ha0 (g)

Heat of Formation (1iq)
Molecular Weight

Refractive Index at -
T7°F.

Viscosity at 32°F,

0L

li8°F,

78.59 Atm.

L6L°F,

0.79609 g/ml.
0.79140

0.786714,

640 to 36.5% by Vol,

60°F,
54°F.

-1 °Fo

0.566 Btu/Lb,°F,
0.600 Btu/Lb,°F,

-274,700 Btu/Lb.Mol
-102,665 Btu/Lb.Mol
32.042

1.33118
1.32663

0.82 Cp
0.597 Cp
0.510 Cp




TABLE 1II-2-2

SPECIFICATIONS FOR METHAMOL

Purity, Minimum

Specific Gravity, Maximum, at 20°/20°C
25°/25°C

Acidity as Acetic Acid, Maximum
Acetone, Maximum

Alkalinity as Ammonia, Maximum
Distillation Range, Maximum
Non-volatile Matter, Maximum
Water, Maximum

Color, Maximum

Permanganate Time, Minimum
Carbonizable Substances,* Maximum

Chlcride
Sulfur
Appearance

Odor

Water Solubility

#Sulfuric Acid Wash Test

99+85% w

0,79268
0.7889

0.003%

0.003%

0.0003%

1.0°C including 64 .5%C.
0.0010 g/100 ml

0.1%

5 APHA

50 Minutes at 15°C.

50 APHA

Free of Turbidity in
Standard Chloride Test

Free of Discoloration in
Standard Sulfur Test

Clear and Free from
Suspended Matter

Characteristic, Free
from Foreign Odor, Non-
residual

No Turbidity After One
Hour at 25°C. when One
Volume of Methanol is
Diluted with Three Volumses
of Distilled Water




TABLE III-3
ENTHALPY AND PHYSICAL PROPERTIES OF OXYGEN (Gas) Op

Mol. wt = 32,000 d(1) = 71.2 1b/cu ft
bp=-297.L°F at =297.L°F
mp-¥-361.8°F* T, = =181.8°F

P, = 730.L psia

H® -H° °s Btu/lb
Btu/1b mole Fuia F
Temp. s
°F
32 3,)-110 6- 989
100 3,887 7,035
200 L5591 7.129
300 5,313 7.246
1,00 6,0L5 7.376
500 65790 7.512
600 75547 7.6l
700 8,318 T« 771
800 9,101 7.885
900 9,89 7.988
1000 10,697 8,081
1100 11,511 8.166
1200 12,332 6.241
1300 13,159 8.309
1400 13,993 8.372
1500 14,832 8,129
1600 15,677 8.482
1700 16,528 84530
1800 17,38L 8.57!
1900 18,213 s
2000 19,107 8.653
2100 19,974 8.690
2200 20,845 8.725

#Triple Point




TABLE III-l

ENTHALPY AND PHYSICAL PROPERTIES OF HYDROGEN (Gas) H,

Mol. wt = 2,0160 d(1) = L.k2 1b/cu ft
bp = =423°F at ~}423°F
mp = =l3h.6°Fx Te = -LOO°F

Pc 188 psia

H® -H%, Cp’s Btu/1b
Btu/1lb mole mole’F
Tempo.s F

32 3,33L 6.834
60 3,526 6.871
77 3,643 6.887
100 3,802 6.905
200 Lis 196 6.953
300 5,193 64977
Loo 5,891 6.987
500 65590 6.993
600 75289 7,002
700 7,991 7.01h
800 8,6 7.030
900 9, h?jg 7.052
1000 10,107 7.080
1100 10,817 7112
1200 11,530 7.151
1300 12,248 7.193
11,00 12:91-;0 7,201
1500 13,697 70292
1600 1)_,_, h29 Te 3“4
1700 15,167 70399
1800 7.L55
1900 }2; Z(l,é 74512
2000 17,01 7.570
2100 18’17h 7. 629
2200 18,939 7,685

#Triple Point







TABLE III-6

ENTHALPY AWD PHYSICAL PROPERTIES OF CARBON MONOXIDE (Gas) CO

Mol, wt = 28,010
bp = =312.7°F
mp = =337,1°F#

H° -Hoo ’AHfoo

Temp.s °F Btu/1b mole Logyy Kp
32 =L5,546 25,821)
60 -45,351 2);.6811
177 =15,233 2L.0479

100 -L5,073 23.2517
200 =l 375 20.4019
300 =43,67L 18.37
Loo ~42,968 16.%953
500 12,255 15.5379
€00 =11,534 14.5200
700 ~40,80L 13.6770
800 =40,063 12,9668
900 ~39,313 123590
1000 -38,55L 11.83l1
1100 -375 784 11.3750
1200 ~37,007 10.9707
1300 ~36,221 10.6113
14,00 ~35,1427 10.2895
1500 ~3L,626 9.9997
1600 -33,818 9.7373
1700 -33,00L 9.1,990
1800 -32,18} 9,2800
}900 -31,359 9.0793
2000 -30,529 8.89LL
2100 -29,69) 8.7236
2200 28,856 8.5651

#Iriple Point

d(1) = 50.8 1b/cu ft
at =319°F

Te = ~218.2°F

Pe = 51), psia

cp°, Btu/1b
mole °F

64959
6.962
6.965
6.968
6.990

7.032
7.091
7.167
74256
7.352

T.450
7.5L8
7.6443
7733
7. 820

7,901
7:977
8.0LL
8.109
84167

8.223
8.27L
8.322
84366
8.L06




TABLE IIll-7

ENTHALPY AND PHYSICAL PROPERTIES OF CARBON DIOXIDE (Gas) COo

Mol. wh = 44,010
bp = -109.3°F {sublimes)
mp = =69,2°F (5.2 atm)

°F Ho _Ho $‘3Hfo°
Btu/1b mole

~165 4509
~165,265
-165,115
-16k,909
~1635979

-162,997
-161,569
-160,899
-159,792
-158,652

~157,L81
-1565283
~155,060
-153,81L
-152,550

-151,266
-14%, 96l
-148, 648
-1h7, 318
~145,975

«1hl;618
=1),3,253
-1L1,879
-140, 492
=139,100

d(1) = 68.7 1b/eu ft
at -BhtéoF

To = 88°F

Pe = 1073 psila

Log1oKe

75.L005
71.3h61
69,0915
66,2567
56,2342

48,8521
13,1866
38.6999
35.0585
32,0451

29,5103
27.3L60
25.4793
23,8507
22,1188

21,1483
20,0147
18,9965
18.0768
17,2425

16,4805
15, 78L0
15,143k
14,5530
111.0072

cp°, Btu/1b
mole °F

8.596
8.768
8.870
9.010
9.565

10.058
10.L99
10.891
11.2L3
11.560

11.846
12,111
12,34k
12.560
12.754

12.930
13.088
13.23L
13.366
13.489

13.599
13.701
13.797
15.835
13,960




TABLE III-8

ENTHALPY AND PHYSICAL PROPERTIES OF METHANE (Gas) CH),

Mol, wt = 16,042 d(1) = 25.9 1b/cu ft
bp = ~258.7°F at =263.2°F
mp = =296,5°Fx Te = =116,5°F

Po = 637 psia

Temp,, °F H® -H% + pHf% LogyoKs Cp®s Btu/lb
Btu/1b mole mole °F
32 -21,83L 10,0893 8.296
A0 =2l 505 9.3263 8.4L0
17 ~2l,462 8.8985 8.537
100 =2l1526l 8.3547 3.665
200 -23,370 6.h122 9.306
300 -22,0,02 L. 958l 10.033
Loo -21,362 3.8206 10.811
500 -20,241 2.9006 11.604
600 -19,0L1 2.1393 12,389
700 ~17, 76k 1.L996 13.1L49
800 ~165413 0.9543 13.877
900 -14,991 0.4837 1L.569
1000 ~13,501 0.0726 15,227
1100 -11,947 -0.2896 15.850
1200 -10,331 ~0,6117 16.14,38
1300 -8,658 -0, 9002 17.000
1h00 ~65929 -1.1581 17.513
1500 -5,163 -1.3901 17.995
1600 ~3,34% -1.6008 18.LLL
1700 -1471 -1.7930 18.878
1800 439 ~1.9693 19.279
1900 2,397 -2.1313 19.648
2000 4,372 -2.2799 19.985
2100 65394 -2.1169 20.306
2200 8543k -2.5438 20.595

#Triple Point




Temp.,

32

77
100
200

300
LOo
500
600
700

800
900
1000
1100
1200

1300

TABLE ITIaQ

ENTHALPY AND PHYSICAL PROPERTIES OF METHANOL (Gas) CH30H

°F

H°

Mol. wt = 32.0L2
bp = 148,5°F
mp = =1l 2°F

d(1) = L.l 1b/cu ft at 68°F

Te = LOL°F
Pe = 1157 psia

+2Ho®

- +ally
Btu/gb mole LogloKf
77,416 31.579
“77}12h 29.513
~76,9143 28.362
~765693 26,912
-755541 21,754
-7hL,286 17.921
~72,919 14,952
~71,463 12.585
-69,907 10.651
~68;258 9,040
~66,526 7.676
-6l 716 6.507
"62 ’826 5- )-19)4
~60,866 L. 607
-58 ,826 3.82L
56,726 3.128

Cpo, Biu/1b
mole °F

10.27
10.58
10,76
11.01
12.07

13.11
1h.12
15.10
16,0l
16.9L

17.79
18.58
19.33
20.03
20.70

21.32




TABLE ITI-10
EQUILIBRIUM CONSTANTS AND HEATS OF REACTION
FOR THE WATER GAS SHIFT REACTION

CO + HpO = COp + Hp

a2t
Temp., °F Btu/1b mole Kp
200 -175570 1523
300 ~17,410 783.6
Loo =17,220 206.8
500 =17,006 72.75
600 =16,777 31.4k
700 ~16,538 15.89
800 -16,293 9.039
900 -16,0L) 5.610
1000 -15,787 3.7h9
1100 -15;54h 2,653
1200 =15,299 1.966
}‘392 -15,056 1,512
1400 =10, 91 1.202
1500 -1l 575 0.9813
1600 -1, 3LL 0.8192
1700 =1%,117 0.6970
1800 13,892 0.6037
1900 «13,072 0.5305
2000 -13;L459 0.h712
2100 =1352L6 0.4233

2200 -13;0L1 0.3843
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IV. DISCUSSICK OF PRELTMINARY PROCESS STUDIES

4.

ddiasbatic Reactor

1. Steam Ratioc of 2,031

4n adisbatic reaction is a reaction taking place in such
a manner that no heat is gained or lost by the system.
From a practical point of view a continuous reaction at
an elevated temperature can not avoid some heat loss
although this may be held to a minimmm,.

The reactlon for the decamposition of methanol to CO and

H, is endothermic and the reastion for the water gas shift,
vierein CO and H,0 are converted to CO, and H, is mildly
exothermic. For an adiabatic reaction of these materials
the inlet enthalpy of the reactants must be sufficient to
supply the heat required for the reaction, the heat lost to
the surroundings, and the heal contained in the products at
the reaction temperatures, The requived overall enthalpy
balance is obtained by adding oxygen which reacts excthermically
with reducing constituent. This results in an efficient
means of heat injection since the heat is evolved in the gas
stream that is to be heated.

From a study of the product composition charts (See Section
III) it oan be seen that the steam to methanol ratio should
be approximately 2.0. The greater the steam ratic the
greater would be the firing duty, cooling water lcad and
the size of the squipment and lines. For this first study
it was declded to use a steam ratio of 2.0 so that the
design would result in a minimum of equipment size.

The flow diagram for hydrogen generation in an adiabatic
reactor is presented in Figure IV~-A. Liquid methanol

and water at 60°F, are fed to a direct fired heater where

the two liquids are vaporized and superheated at 450 psig.
The vapors are than fed to the inlet chamber of the reactor
where oxygen is added. The amount of oxygen is determined
by the steam ratio, preheat temperature and reactor outlet
temperature. The gas mixture then enters the catalyst bed

of the reactor where the hydrogen is produced. From the reactor
the gas stream goes to the pmrification section. The off-gas
is burned in the direct fired heater for fuel. Additional
heat is supplied by burning methanol with water added to ksep
the flame temperature within bounds. The flue gas leaving
the direct fired healter consists of CO, and H, 0. The gas is
cooled for water recovery and the CO, under 350 psig pressure
may be ejected overboard. In an adiabatic reactor products

Iv-1




DISCUSSION OF PRELIMINARY PROCESS STUDIES- contd.

of combustion of methanol and oxygen in the process

stream leave the reactor at the reaction temperaturs. It

is obvious that such a process has a higher thermal efficiency
than a reactor in which heat l1s supplied from an external
high temperature flue gas. The response time to rate changes
is faster since the heat does not pass through tube walls
which have to be heated. The reactor vessel is smaller than
a tubular reformer since space is not alloted to heat transfer
surface. Being under pressure the carbon dioxide is
exhausted directly to the sea without further compression.
Efficient use of the waste heat reduces the utility require-
ments. The system is basicly quiet because the only rotating
parts are the pumps for the fuel and raw materials.

Since some of the fuel is fired in the feed strsam the
quantity of combustion products in the hydrogen stream
is greater. Therefore, the hydrogen parification system
mist be larger.

2. Steam Ratio of 4.0:l

To determine the effect of higher steam ratios on the size
and number of equipment pleces a study of a 4.0 to 1 steam
ratio was made. 4gain an adiabatic reactor was used for
hydrogen generation. The fuel consumption was considerably
higher than for the lower steam ratio. The purification
system likewlse was much larger wlth additiornal pieces of heat
exchange equipment needed to remove some of the water prior
to purification.

For purposes of this study it was not deemesd feasible to
carry further studies at this steam ratic. In the future
as the design develops it may be necessary to go to higher
steam ratios for technical reascons in equipment limitations.

B. Reformer

The basic equations governing the adiabatic reaction of methanol
and water are also valid for reforming. In reformming the heat
needed for the reaction is supplied to the reactants from an
external source through the reformer tube walls. The flue gas
from the combustion of the fuel does not come into contact with
the reactants. Since the heat is being added as the reaction
progresses there is no need to preheat the reactants to as high
a temperature as in the case of adiabatic reactors. This may be
an advantage since lower reactor inlet tempsratures weuld reduce
the chances of methanol cracking with subsedqsnt deposition of
carbon.

Iv-2
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DISCUSSION OF PRELIMINARY PROCESS STUDIES - contd.

The general system for hydrogen generation by reforming of
methanol is shown in Figure IV-B. The feed of water and
methanol, in the molar ratio of 2.0%l, is heated and

vaporized under pressure in the feed preheater. The

vaporized ieed then passes to the reformer furnace where the
reaction proceeds in the catalyst filled tubes. From the
refomer the effluent procesa gas goes to the purification
system. The off gas fror the purification system 1ls burned
for fuel in the reformer. Additional heating, as required,

i3 suppliel by combusting methancl, Water is injected wlth
the methanol to maintain the flame temperature within tolerable
limits, Sufficient oxygen is szupplied to convert all of the
carbon to carbon dioxide. The hot flue gas, under pressure,
passes to the feed preheater giving up much of its latent

heat to the incoming feed. From the preheater the carbon
dioxide is Ffurther cooled for water separation. The carbon dioxide
being under pressure may be discharged directly intc the sea.

The gystem consists of few pieces of major equipment. With

the exception of the reformer, the equipment is small. Efficient
uss of waste heat resuits in low utility and fuel requlrements.
With none of the flue gas dilubting the process feed the purifi-
cation gystem size can be relatively small. The flue gases being
under sufficient pressure ave discharged directly overboard
without compression. For deeper submergence operation a standby
compressor can be installed. 4&s with the adiabatic reactor the
reformer operation would be qulet.

The reformer design is basisly larger than that of the
adiabatic reactor. It may not respond to rate changes as
quickly.

C. Palladium Diffusion Purification

l. General

Hytirogen purification by diffusion through palladiuwm metal

is a relatively new proeess, The hydrogen produzed is of
ultra-high purity, usually having impurities less than one

part per billion, The process is based on the property of
paliadium and partisularly a palladium silver alloy to

diffuse hydrogen under high pressure and temperature. According
to present day technology palladium in the form cf smsll tubes
are operated at 600 to 8009F, with pressure differentials through
the palladium tutes up to 400 psi, Pressures up to 1000 psig
are tolerable az long as the 400 psl pressure drep acrcs:z the
tubes iz not exceeded, The palladium alloys used are
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IV. DISCUSSION OF PRELIMINARY PROCESS STUDIES - contd.

susceptible to polsoning by sulfur, carbon and unsaturated
hydrocarbons. The tolerable limits of these poisons are

very low. Ths celis can usually be reactivated by drawing

a vacuum on the tubes foilcwed by alr oxidation at 800°F.
Nitrogen, carbon monoxide, carbon dicxide, waler, ammonia, and
methane will not polson the alloy, but the presence of any
gaseous constituent reduces the hydrogen partial pressure and
therefore hinders the diffusion process. Methanol is not believed
to be a poison bul of course dces reduce the hydrogen partial
pressure.

The palladium diffusior purification system is compact

and has a rapld response in output demand. The diffusion
system itself can be turmed on and off by opening or
closing a valve, In considering the overall hydrogen
generation faciiity, the response of the generation section
must also be considered. When idling the diffusion cells
can be kept hot with electric heaters on temperature control
and can be kept full of hydrogen in oprder to be ready for
instant cperation. When pure hydrogen ia deslred, the flow
contyroller ig adjusted to the deslired rate. The ratic flow
sontroller simulituneoualy regulates the flow of purge gas.

2¢ Treatment of Tutal Crude Product

4 fiow diagram for the purification of crude hydrogen by
diffusion through palladium alloy cells is contained in
Figure IV-C-l. No pricr carbon dioxide or water removal
is employed.

Crude hydrogen direct from the methanol reforming atep,
eilther direct fired or adigbatic reactor, is fed to the
palladium alloy hydrogen diffusion cells without removal
of the carbon dioxide or water vapor. The hot pure
hydrogen from the diffusion cells flows to the product
hydrogen cooler. It i3 partially cooled in the hydrogen
cooler and then is saturated with water vappr at 140°F,
by bubbling through condensate in the hydrogen saturstor.
From the bubbler the product goes to the fuel cells.

Ths dilution effect of the carbon dioxide and water vapor
requires the use of more palladium alloy diffusion cells
than would be required if these had been removed. The
magnitude of thisz effect can be seen in the attached figure
entitled "Changes in Number of Cells Required with Hydrogen
Recovery for Various Hydrogen Feed Purities,® Figure IV-C-2,
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IVe DISCUSSION OF PRELIMINARY PROCESS STUDIES - contd.

This figure shows how Lhe number of diffusion cells

required for producing pure hydrogen at the rate of

75 1bs/hr. changes with the purity of the feed gas

and with the degree of hydrogen recovery sought. This
figure is based on crude hydrogen produced in an adiabatic
reactor at a 231 steam tc methanol ratioc. The data is based
on operating the diffusion unit at 6009F. with a differential
pressure across the palladium tubing of 200 psi.

The disadvantage of this system is the relatively high
cost of the palladium alloy cells.

3. Treatment of Crude Product with Water Removed

The flow diagram is contained in Figure IV-C-3, This case
is very similar to the previous case. The additional step
of removing the water vapor by condensation requires the
addition of heat transfer equiraent. This type of equipment
can be compact and can have low hydrogen holdup. An advantage
of this system is the increased partial pressure of the
hydrogen thus requiring only two-thirds as many paltadium
diffusion cells (See Figure IV-C-2) for the purification.

It has the additional advantage that the condensing water
vapor will remove any trace quantities of unreacted methanol.
The effect of methanol vapor is felt to be that of an inert
according to the J. Bishop & Co, However, the tests for
methanol dilution effects were of short duration and were
conducted in a dry atmosphere. This point must be cleared
up by further laboratcry investigation.

Lo Treatment of Crude Product with Water and Carbon
Dioxide Removed

This case is a further refinement over the previous case where
the water vapor was removed by condensation. The crude hydrogen
from the generation step is cooled by heat exchange and the
water vapor condensed out. The gas is then scrubbed with
monoethanolamine solution for carbon dioxide removal. The
crude hydrogen is then reheated and sent to the palladium
diffuser. {(See Figurs IV-C-4)

In this case the quantity of carbon dioxide to be removed from

the crude hydrogen is about 30 to 40 times (depending on the type
of gas generation system used) that removed in the present Navy
unit for removing carbon dioxide from submarine atmostpheres,
Calculations indicate that for this carbon dioxide removal

system the bed of packing alone will contain 52 cubic feet of
packing, (20% Sch., 2C pipe x 26® of packing). In other words, this
absorber alone would contain almost the full 900 SCF of hydrogen
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IV. DISCUSSION OF PRELIMINARY PROCESS STUDIES - contde

inventcry allowede Also, the equipment for carben di-
oxide remcval including absorber, regenerator, pumps,
heat exchangers would require the entire space pres-
ently allocated for the complete hydrogen generation
facility. Thus, from the standpoint of compactness
and hydrogen inventory the separate removal of carbon
dioxide does not appear practical.

In each case of purification by palladium diffusion
the off gas from the cells is returned to the hydrogen
generation section as fuel. It contains carbon mon-
oxide and nhydrogen both of which have heating values.
The quantity of hydrogen depends upon the amount of
recovery used in the diffuser cell operation. The
lower the recovery used the more hydrogen in the off
gas and the lower the methanol needed for fuel. How-
ever, the quantity of methanol needed for process

feed to produce a given quantity of hydrogen increases
with decreased recoverye

Ds Purification by Low Temperature Absorption in Methanol

In the proposed hydrogen generation systems under consideration,
the existence of both liquid methanol and liquid oxygen with its
cryogenic cocling potential suggested a purification scheme based
on low temperature absorption of carbon dioxide in methanol. A
process of this type is commercially used for the purification
of gas generated by coal gasification at the Fischer-Tropsch
synthesis plant of South African 0il, Coal and Gas Corporation.
The process as commercialized is generally known as the Rectisol
process.,

The Rectisol process takes advantage of the fact that carbon
dioxide solubility in methanol increases with decreasing temp-
erature and increased pressure and that regeneration of the
methanol is readily accompliished by a decrease in pressure, In
the commercial plant the gas stream at 350 psig is contacted with
methanol at -70°F, and reduces the carbon dioxide to approxi-
mately l.0%. The main advantage claimed for the process is lower
energy consunption than other scrubbing processes such as ethanol-
amine or potassium carbonate. The disadvantages of the process
are its complex flow scheme and relatively high vaporization loss
of methanol.

In the process as considered for this study a simplified flow

scheme would te used along with lower methanol scrubbing temper-
atures,s The lower temperatures are rossible due to availability

1v-6
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of cryogenic oxygen. The use of lower temperature should re-
sult in greater carbon dioxide solubility and lower residual
carbon dioxide in the product. A phase diagram of the CO-CH30H
gystem indicates that carbon dioxide is soluble in methanol up
to 17 mol¥ at -14L0°F, Also, the equilibrium partial pressure
of carbon dioxide should be very low at this temperature, An-
other factor is that vaporization loss of methanol should be
very low at a lower regeneration temperature,

In the flow scheme shown on Figure IV-D, the raw gas is cooled
in a heat exchanger and a water cooler to about 100°F. The gas
flows through a separator to a heat exchanger where the gas is
cooled to about A40°F, A small anount of methanol is added to
the gas stream to prevent freeze up of the moisture still in
the gas as it is cooled further in the heat exchangers which
followe. The gas is cooled to about -100°F, and then flows to
the methanol scrubber where it is contacted with methanol
entering at -140°F, In order to maintain high absorption capac-
ity it would probably be necessary to have chilling coils em-
bedded in the packing so as to counteract the heat of absorption
of the carbon dioxide., The gas leaving the scrubber would pass
through adsorbent vessels (probably molecular sieves) for re-
moval of the residual carbon dioxide. The cold purified gas
then passes through the heat exchangers countercurrent to the
incoming raw gas and finally leaves the low temperature system
warmed nearly to the incoming raw gas tempergtures. The gas is
then heated by heat exchange “o about 500°F, and passes through
the methanator which converts the carbon oxides to methane.

The product gas would be hydrogen and methane plus trace amounts
of carbon oxides,

E. Purification by Low Temperature Adsorplior.

The system studied here is based on increased molecular sieve
capacity at lower temperatures, The adsorptive capacity of
molecular sieves becomes very high for most compounds at temp-
eratures near their normal condensation point. Thus, the
capacity for carbon dioxide is increased greatly by cooling to
~40 or ~70°F, With cryogenic cooling available from the liquid
oxygen the reduced temperatures become practical.

The simplified flow diagram is included in Figure IV-E. The
system is quite similar to the previous system studied, with
the methanol scrub porticn being deleted. The system shown
takes the gas from the hydrogen generasticn section and cools
it by heat exchange and cooler, After water separation the
gas is further dried in a dehydratore. Frcm the dehydrator the
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gas is cooled by heat exchange and by liquld oxygen cooling
before carbon dioxide removal in the molecular sieves, The
purified hydrogen containing a small quantity of carbon oxides
is warmed by heat exchange before going to a methanator. In
the methanator the residual carbon oxides are converted to
methane and water, The effluent gas is cooled and then goes to
the fuel cells,

This system is considerably less complicated than the low temp-
ergture methanol scrubbing systeaie It has fewer pieces of
equipment than low temperature methanol scrubbing but not as
few as palladium diffusion. The control would not be excep-
tionally complicated. The time lag on changes of rate, though
not as great as with methanol scrubbing, is not nearly as good
as with the palladium diffusion cells while distinct advantage
would be in the cheaper cost, The hydrogen inventory would
not be excessive, Though offering a novel design this system
is not felt to be competative with the palladium diffusion
cells because of equimment compactness and response time,

Fo Purification by Girbotol Scrubbing and Methanation

The most conventional method for hydrogen purification con-
gidered was a Girbotol system followed by methanatione. The
system 1s based on the property of ethanolamines to absorb
carbon dioxide. Upon heating, the ethanolamines give up the
carbon dioxide thus being regenerated, A typlcal flow dia-
gram for this process is shown in Figure IV-F. The crude
hydrogen is partially cooled in a methanator preheater. It
passes to the MEA reboller where upon further cooling it
gives up the heat necessary for the amine regeneration.
After passing through a cooler the gas goes to the amine
absorber where the bulk of the carbon dioxide is removed,
The carben dioxide is released from the amine in the regen-
erator, is cooled in the carbon dioxide cooler, and is ex-
hausted overboard, In all probability a carbon dioxide com-
pressor would be required to boost the gas to submergence
pressure, The partially purified hydrogen upon leaving the
amine absorber is heated in the methanator preheater and
flows to the methanator. In the methantor the residual car-
bon oxides are converted to methane and water., After cooling
the purified hydrogen is sent to the fuel cells.

Much commercial experience has been gained with this process.
The system is reliable and requires a minimum of maintenance;
The degree of purification is more than sufficient for fuel

Iv-8




IV. DISCUSSION OF PRELIMINARY PROCESS STUDIES - contd.

cell application, Efficient use is made of the waste heat,
On the deficit side the size and number of the pleces of
equipnent arg large. The inventory of hydrogen would be
near 900 ft.” for the absorber along. The space require-
ments for this system would be greater than that allowed in
the 580 Submarine design for the entire hydrogen production
facilities, For these reasons this system was nct given fur-
ther consideration.
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PLANT DESIGN

Process
1. General

After a thorough review of the available processing steps
for the manufacture and purification of hydrogen from
methanol a scheme was selected for further design and
study, This section of the report will discuss the se-~
lected process and will point. out its advantages over

the other processes studied, The process is basically

a combination of proven process steps but contains several
original features which make it unique. The process is
regarded as workable, efficient, subject to wide output
variation, quiet in operation, free of objectionsble odors
cr waste materials, relatively free of moving parts, com-
pact and allows variation in shape-space usage.

The process briefly comprises the f{cllowing steps.

a. Methanol and condensate pumped together at
450 psig through heat exchanger and vaporizea
in methanol fired vaporizer.

be Vaporized and superheated methanol-water mix-
ture at 700°F. reacts over catalyst contained in
annulus around tube containing hot flue gas from
vaporizer, Exit temperature 700°F,

co Crude product flows to palladium diffusion
cells maintained at 700°F, Hydrogen diffuses
through the palladium and the residual gas is
burned in the fired vaporizer at about 40O psig.

deo Purified hydrogen at 5 psig flows through
methanator guard chambers and is finally saturated
at 140°F, for use in the fuel.cell.

2. Selection of Non-Adiabatic Process

The gas generation step is essentially the basic non-adiabatic
process with the hybrid feature of an oxygen assist. The non-
adiabatic reforming process was selected over the basic adi-~
abatic process for a variety of reasons. Eeference to the
discussion in Section IV. of this report reveals that the adi-
abatic process nolds several atiractive advantages. However,
certain disadvantages along with the inclusion of several

new features have led to the selection of the non-adiabatic
reforming processe

V-1
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PLANT DESIGN - contd.

A disadvantage of the adiabatic scheme is that since the
reaction is endothermic the gas must be at an elevated
temperature (1400°F.) as it enters the refomming catalyst.
At this temperature the catalyst may not perform as it is
intended and undesirable side reactions mgy result. For
instance, the reaction of hydrogen with carbon oxides

to produce methane is relatively rapid at elevated temp-
eratures, The question of the selectivity and life of the
catalyst at these temperatures is not known. The elevated
temperature for the adisbatic reformming may result from
either preheating or addition of oxygen directly to the
process stream with subsequent partial combustion. If
oxygen addition is considered, the above mentioned dis-
advantage can be alleviated by staging the operation.
Several catalyst beds would be used and part of the
oxygen would be added at each so that the maximum temper-
ature developed would be held to predetermineilimits.
Catalysts are available to make such a scheme workable
but the equipment and instrumentation tends to become
complicateds Likewise, if an adigbatic system using pre-
heating were to be carried out in stages the equirment
would become bulky and complicated.

A further disadvantage of an adiabatic process using partial
combustion of the process material to supply the reaction
heat requirements is that the carbon dioxide and water
vapor thus produced remain in the process stream and re-
duce the hydrogen partial pressure, In the process selected
the raw hydrogen stream goes directly to the palladium dif-
fusion cells, The lower hydrogen partial pressure increases
the number of palladium cells required. This was illustrated
in Fig.IV-C-2, where.it is shown that the number of ceils
required increases as the amount of impurities in the raw
stream increases,

An advantage that is usually claimed for adiabatic reactions
is that no space allowance need be made for heat transfer
surface, In this particular system the vaporizing and
heating up to 700°F, of the reactants amounts to approxi-
mately 70% and the heat duty for the reaction is approxi-
mately 308, Since the reaction heat requirement is relatively
small, the advantage gained by an adlabatic system by elimi-
nating heat exchange surface for this duty is also relatively
small.

In the design selected, the heat is added to the process
stream more or less continuously from the point of feed
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introduction to the completion of the reforming reactions.
By this schaase, the methanol burmed as fuel, first gives
up heat to vaporizing and superheating the feed, and then
gives up heat to the reaciion as it progresses. The hot
flue gas stream passes through the inner tubes of the re-
actor so the outside of the reactor gets no hotter than
the process stream. At no point in the process is the pro-
cess stream heated much above 700 or 800°F. This is de-
sirable from the mechanical design point of view and also
reduces the need for high temperature insulation. As
pointed out previously the desired reactions are favored
by temperatures in the region of 700°F,

3. Selection of Concentric Tube Design

The selection of a non-adiabatic process requires that a
reactor be designed to contain the required amount of cata-
lyst and provide for adequate heat transfer from the hot
flue gas to the reacting gases. In addition, a feature
not ordinarily required in this type reactor, is that both
the process and the flue gas streams are to be at high
pressure (about 400 - 450 psig.)e

The usual non-adiagbatic reactor or reformer for hydrogen
production comprises a rectangular fire brick lined com-
bustion chamber through which passes the required number
of catalyst filled tubes. The length and diameter of the
tubes are adjusted to give the desired balance of heat
transfer area and reaction space velocity consistent with
the required process operating pressure. The tubes are
usually 2 to 8 inches in diameter so that the maximum heat
transfer distance is small and good control of the reaction
is possible,

The disadvantage of this type reformer lies in the neces-
sity for designing the combustion chamber for 4LOO psig.
Consideration of this problem led to the possible use of

a shell and tube heat exchanger design. The exchanger
would be a fixed tube sheet design with expansion allow-
ance in the shell, The catalyst was to be contained in
the tubes and the hot gases were to flow through the shell.
Such a design along with the alternate of puttiing the hot
gases in the tube and the catalyst in the shell held pos-
sibilities but the design for the expansion in the shell
due to the hot flue gases (about 1600°F, inlet) became cum-
bersome.

V-3
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A further modification of the shell and tube design was
to use a double pipe arrangement or concentric tubes,.

In this design the catalyst 1s to be in the annulus and
the hot gases will flow through the center, The ex-~
pansion will be talken in the shell but in this case the
metal temperature will be approximately 700°F. or nearly
the same as the reaction temperature, Under these con-
ditions the mechanical design tecomes reasonable.

In the proposed design it is planned tc run the flue gas
countercurrent to the process gas flow. The flue gas
will enter at about 1600°F, and leave at about 800°F,
The process feed will enter at 700°F., and the products
will leave at about 700°F. The advantage gained is that
the hot flue gas will not be in themmal contact with the
methanol feed, and the possibility of thermal cracking is
eliminated,

The proposed reactor is made up of an inner pipe 2 inches
in diasmeter and an outer pipe 4 inches in diameter with
approximately 10 feet € inches of catalyst. Multiple
units would be required for the plant under consideration.
An important advantage for this design over others con-
sidered is that the reactor tubes can be arranged in a
variety of ways to suit the space-shape available.

It is proposed that the reactor tubes and the manifolding
be enclosed in an insulated box, possibly comprising a
thin walled chamber with the interior filled with a granu-
lated insulatione Such a reactor unit should have low
heat loss and should be very resistant to shocke.

Ease of scale-up of the design capacity is another ad-
vantage of the proposed design. More units could be
added to the system without major modifications to the
lgyouts If valves are provided, capacity control could
be exercised by altering the number of tubes on-siream.
Tubes that are off-stream are maintained at operating
temperature and could be started quickly,

As stated previously, the raw hydrogen gas flows from the
reactor directly to the palladium cells., Eight palladium
cells are required to handle the raw hydrogen product from
each concentric tube reactor, It is fortuitous that the

optimum operating temperature level of the paliadium cells
is 600 to 800°F. While it is not necessary to add heat to
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the palladium cells, it is necessary to maintain them
at operating temperature., It was logical to propose
coupling eight palladium tubes arranged in a circle
about a reactor tube and enclosing the whole unit in
the insulated box., This results in considerable space
savings and is a distinct advantage for the proposed
designe

Le Selection of Palladium Diffusion Purification

The raw hydrogen gas from the reactor tubes will con-
tain approximately 55% hydrogen, 16% carbon dioxide,
25% water vapor, 4% carbon monoxide with small amounts
of methane, and methanol, A number of processas were
reviewed for the purification of this gas and these
were discussed in Section IV of this report.

The most common purification scheme would be the use of
cooling tc remove water vapor, and un:eacted methanol
scrubbing with monoethanolamine or hoi carbonate to re-
move carbon dioxide and methanation to convert the
carbon monoxide and residual carbon dioxide to methane,
The finsl product would be hydrogen containing approxi-
mately 5% methane and less than 10 pmm carbon oxides.
This gas would be satisfactory for fuel cell operation
although higher purity is desirable., A process based
on amine scrubbing has many advantages including the
fact that wide experience has been gained on this
process in actual submarine operation. However, the
process requires too much space, too many pieces of
equipment, is subject to upset when not perfectly

level and would have an inventory of hydrogen in excess of

the volume allowed.on board the submarine., For these
and other reasons the process was not selected for this
service.

The use of molecular sieves or other adsorbent material
at low temperaturs for removal of carbon dioxide in place
of the amine scrubbing process was considered. This
scheme eliminates circulating liquids and reduces the in-
ventory of hydrogen but involves considerable equiypment,
Also, it requires altermate use and regeneration of both
a desiccant bed and the molecular sieve, This is a dis-
advantage since it would require intermittent venting

of the off-gasess The low temperature process requires
the use of close approach exchangers between incoming
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and outgoing streamse Such a system 1s not adaptable to
rapid changes in rate as are required for the submarine
service,

The use of low temperature methanol scrubbing for carbon
dioxide removal was considered. The process has a number
of attractive features such as the use of methanol as

the scrubbing mediu-, thereby eliminating the need of
other chemicals, and low energy consumption due to the
use of liquid oxygen as the collant., However, the process
has the disadvantages of liquid scrubbing and low temper-
ature systems as noted above,

The use of palladium diffusion was the other scheme con-
ddered and was the one selected. A variety of reasons
for this selection are apparent. The diffusion cells
differ from the other systems considered in that a pure
hydrogen stream is produced whereas the other schemes
produced 95% hydrogen. The palladium cells involve no
chemicals or fluids, are not subject to corrosion, require
no auxiliary pumps or heat exchangers during normal oper-
ation, are perfectly quiet, produce no troublesome wastes,
require no extra utilities; involve no excessive temper-
atures or pressures, operate at the same temperature as
the reforming reactors, may be operated at any angle, give
instantaneous response, may be operated over an extreme
range of through-put always yielding a pure product. In
addition, the cells are not subject to poisoning by the
gases encountered in this process and they should give

a long service life.

The diffusion of hydrogen through palladium is directly
proportional to the partial pressure driving force of
hydrogen. The presence of water vapor or carbon dioxide

in the raw gas has nc detrimental effect on the diffusion
process other than as a diluent. Consideration was given

to operation of the palladium cells with and without prior
removal of the carbon dioxide and/or water vapor. Reasons
for not removing carbon dioxide by any scheme other than

the palladium cells have been adequately covered above.
Since water vapor constitutes about 25% of the raw gas stream
from the reforming reactors, a reduction of about one-third
in the number of palladium cells could result by water re-
movale, The gas stream would have to be cooled to condense
the water and then reheated to the operating temperature

of the palladium cells, The gas cooling and reheating would
be done in a gas to gas heat exchanger and the final cooling
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and condensing would be done with cooling water. There
would be a considerable cost savings in this scheme.
However, the added space requirements and the operational
lag in the heat exchangers ruled out water removal for
this system,

5« Pressure Level of Operation

In the proposed design the process stream is vaporized

and reacted, and flows to the palladium diffusion cells

at preassures of 425 to 430 psig. The purified hydrogen
flows from the palladium cells at 5 to 10 psig and finally
to the fuel cells at 1 to 2 psige The combustion in the
vaporizer takes place at 350 to 400 psig and the flue
gases flow on through the concentric tube reactors, the
liquid feed preheater and flue gas cooler at this pressure,.

On the process side a number of advantages are gained

by high pressure operation. The rate of diffusion of
hydrogen through the palladium is favored by the increased
hydrogen partial pressure driving force. Higher pressure
operation makes possible a higher space velocity through
the reforming catalyst. Also, the higher pressure results
in smaller and more compact equipment,

From a process heating standpoint, the combustion could
have been carried out at atmospheric pressure, However,
the necessity of disposing of the carbon dioxide produced
in the fuel and purge gas combustion indicated an advantage
for the high pressure operation. Two methods of carbon
dioxide disposal exist. It can either be liquified and
stored under pressure using liquid oxygen refrigeraticn
or it can be expelled from the submarine at a pressure

in excess of the submergence pressure, Either method
would require the carbon dioxide under elevated pressure.
It was considered more desirable to pump the fuel to the
high pressure and design for the high pressure flue gas
then to provide a compressor. The carbon dioxide rate
will vary widely and compressor design and control could
be very difficult. Also, the pump should be quieter in
operation then a compressor.

6o Oxygen Addition for Process Assist

One of the most important requirements of the hydrogen
production unit for submarine operation is an ability

to increase the rate rapidly. Under proper computer
control, signals can be transmitted to the various pumps

and control instrument almost instantanecusiy upon receiving
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a command for an increase in rate. It has already been
pointed out that the palladium diffusion cells will re-
spond quickly to a change of rate. Likewise, the re-
forming catalyst is capable of handling a sudden increase
in rate provided the heat requirements are satisfied.

The 'slowest response would be expected Irom the vaporizer.
Even though the fuel rate is increased this unit will
tend to lag due to the heat capacity of the vessel and
insulation.

It is expected that, as the result of a command to in-
crease rate, the vaporized feed to the reformer would
drop in temperature. Likewise, there would be insuf-
ficient heat in the catalyst and the net preduction of
hydrogen would not increase immediately, The inability
to transfer heat into the process stream, therefore,
limits the rate of increasing hydrcgen production. For
this reason, it was considered desirable to introduce
oxygen directly into the process stream just ahead of
the reformer., At this point a catalytic partial com-
bustion would take place supplying the required heat
for reforming at the increased rate. As the heat sup-
plied from fuel combustion increases the oxygen injec-
tion would be cut backe This scheme may also be used
to extend the capacity of the unit beyond the normal
design capacity,

With this scheme the catalyst is required to promote
a number of reactions simultaneously - oxidation, de-
composition of methanol and water gas shift reaction,
An indirect approach would be to combine the oxygen
with a portion of the feed stream in such a ratio that
the burning reaction would proceed non catalytically
and then combine the hot product gases wiih the re-
mainder of the feed and proceed with the reforming re-~
actors, However,there is reason to believe that all
the reactions can be carried out catalytically on a
common reactor with either a single multipurpose cata-
lyst or a multibed arrangement of different catalysts.
This would result in a simpler and more flexible systems
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7o Discussion of Flow Diagram

The process flow diagram for the hydrogen plant is shown

on Figure No, V-A-l, The equipnent consists essentially

of an aqueous methanol feeding system, a feed preheater

and vaporizer and a reformer or catalytic reactor in

which crude hydrogen is produced by the chemical rezction
of methanol vapor and water vapor at moderately elevated
temperatures, (700°F., 425 Psigo)s This is followed by pal-
ladium diffusion purification, a guard methanation cham-
ber and a gas saturator,

The commercially pure methanol, approximately 99% CH30H,
flows from storage to the suction of a metering feed pump
of the reciprocating type. The pump has provision for
varying the stroke and also has a variable speed drive to
accommodate the wide range of turndown from maximum
capacity to minimum capacity. Process condensate or
mineral-free water flows from storage to the suction of
a similar metering feed pump also provided with variable
stroke and variable speed drive,

The primsry control of the rate of hydrogen production at
constant reaction conditions of temperature and pressure
is the speed of the process methanol and condensate pumps
which is regulated by a signal from the main computer con-
trol center which governs the pump drive speed, In the
event of a failure in the contrel center, the pump speed
can be controlled by a manual loading station.

Process methanol and condensate feed pumps of currently
available designs are believed to be adaptable to the
service of the hydrogen generator with suitable modifi-
cations to meet noise and shock test requirements. The
variable speed drive may be developed on the principle of
purely electrical control such as by direct current motor
drives or on the principle of hydraulic drive transmission
and control.

The streams of liquid methanol and condensate discharged
from the feed pumps merge and flow to a methanol feed pre-
heater of conventional shell and tube exchanger design.
The aqueous methanol flowing within the tubes is heated
by exchange with hot flue gas flowing in the shell side.
The tubes, shell and miscellaneous metal parts are type
304 stainless steel. The aqueous methanol is healted to
approximately 350°F,
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The preheated liquid flows to a fired type shell and coil
type vaporizer. The vaporizer consists of a stainless
steel coil mounted inside a stainless steel pressure ves-
sel provided with an insulating refractory lining and is
fitted with a fuel burner at one end. The fuel consists
of purge gas from the purifier cell unit plus sufficient
methanol to maintain prescribed reactor temperature con-
ditions and is completely burned with oxygen in the com-
bustion chamber space to form carbon dioxide and water
vapor. The process feed stream of aqueous methanol is
completely vaporized within the coil and is superheated

to reaction temperature levels of 700°F, to 800°F, To
supply oxygen for combustion of fuel in the methanol feed
vaporizer, liquid oxygen from the main liquid storage
flows to the suction of a high pressure pump, This pump
i=s located preferably in or near the oxygen storage ves-
sel because of suction liquid conditions. The liquid
oxygen is pumped to an oxygen vaporizer. The oxygen
vaporizer is a double-pipe heat exchanger with the rela-
tively small quantity of heat required for vaporization
provided by circulating cooling water, The water flow is
at high velocity and turbulent flow conditions inside the
exchanger core pipe to prevent build-up of ice layers which
would form if thin films of water were allowed to be cooled
below the freezing point. The outer or shell-side pipe,
and the-core or tube~-side pipe are both constructed of
stainless steel sultsble for the condition of low temper-
ature (minus 297°F,) dictated by the liquid oxygen supply.

The mixture of methanol vapor and water vapor flows from
the feed vaporizer to one of a group of 8 reformer tubes
arranged in parallel flows The methanol and water react

in the presence of a catalyst to form hydrogen, carbon
dioxide and minor reaction productse. The reformer tubes

are each a concentric tube or double-pipe welded assembly
with the methanol decomposition catalyst packed within

the annular space between the inner and outer ripes. The
hot flue gas from the feed vaporizer combustion chamber
enters the bottom of the vertically arranged inner pipe

at approximately 1600°F, and heat is transferred through
the inner pipe wall to the catalyst particles in the an-
nular spaces The ratio of heat transfer surface to catalyst
quantity shall be provided so that sufficient heat is trans-
ferred to supply the endothermic heat of reaction and also




Ve PLANT DESIGN - contd.

to maintain the temperature of the reactants and products
at the required temperature level, approximately 700°F,

A bellows type expansion joint, suitable for the temper- ! \
ature and pressure service conditions is installed between 1
the ends of the outer pipe to accommodate to the difference
in expansion between the inner pipe at 1600°F. and the
outer pipe at 700°F,

The reacting methanol and water vapor flow downward over
the catalyst particles which are supported by a stainless
steel screen at the bottom of the bed, The scres; is held
by a rugged grid which is welded to the inner pipe. The
reaction products pass from the annular space below the
catalyst support through eight radial pipe elbows welded
to the outer pipee

The flue gas effluent from the methanol feed preheater
passes to the shell side of a shell and tube exchanger
type cooler. The gas is cooled to about 200°F, by heat
exchange with the circulating cooling water and most of

the water vapor is condensed. The mixture of gas and
condensate flows to a separators The separator is a verti-
cal cylindrical pressure vessel with nozzle ccunections for
gas inlet, outlet, water drain and level control, The
cooled carbon dioxide together with a small amount .of un-
condensed water vapor flows from the top of the vessel to
disposals. The cendensed water separated from the gas stream
flows from the bottom of the separator to the suction of
the process condensate feed pump and of the fuel water in-
Jjection pumpe. Make-up water needed to maintain a level

in the separator is added to the gas stream entering the
flue gas cooler and is regulated by a level control switche.

The hydrogen purification system consists essentially of
a group of palladium-silver alloy diffusion tubes arranged
in parallel flow for receiving the crude hydrogen from
the reformer tubes. The purified hydrogen effluent from
the palladium diffusion tubes contains virtually no con-
taminants and is of sufficiently high purity for use in
hydrogen-oxygen fuel cells, The carbon dioxide, water
vapor, and minor amounts of carbon monoxide, methane and
unreacted methanol, together with a small fraction of the
crude hydrogen produced pass from the diffusion tubes as
purge gas. The purge gas is utilized for its heating value
in the feed vaporizer burner,.

The palladium alioy diffusion tubes used in the purification
are the J. Bishop and Company Model A-7i, modified slightly
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at the end connections. Each A-71 cell consists of a
large number of palladium alloy tubes 1/16" 0.D. with
a 3 mil (0.003 inch) wall closed at one end. These
thin-walled tubes are contained within a heavy-walled
stainless steel shell 1.56" 0.,D. by 27-3/4L" long. They
are all manifolded together within the cell so that the
purified hydrogen output of all the small tubes is com-
bined and passes from the cell in a common exit lines
There are 8 A-71 cells for each of the 8 reformer tube
units, or a total of 64 cells. The end modifications
consist of substituting welded end connections for the
Parker flared fittings standard on the Bishop 4~71 cell
design.

The advantage of welding the connections to the palladium
tube cells is the improvement in strength and compactness
of the multiple cell assembly,

In order to protect the fuel cells from the deletrerious
effect of carbon monoxide in case of diffusion tube
leakage. a methanator guard chamber is provided, The
methanator is a vertical cylindrical pressure vessel con~
taining methanation catalyst supported on a screen held
on transverse bars near the bottom of the vessel, All of
the metal parts of the methanator are stainless steele
The hot purified hydrogen from the diffusion tubes enters
the top of the methanation catalyst and flows downward
through the bed,

The pure hydrogen effluent from the methanator flows to the
lower part of a direct contact cooler-saturator. The satu-
rator is a vertical cylindrical pressure vessel in which

a water level is maintained at a set range of elevation
above the bottom of the vessel, Vessel connection nozzles
are provided for gas inlet and outlet, water inlet, drain,
and level control.
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Be

Detailed Process Calculations

le Material and Heat Balance

In this section are contained the detailed process calcu-~
lations for the material and heat balance for the hydrogen
generation system. The calculations are based on one mol
of methanol for feed. From these basic calculations the
material and energy requirements for the various production
rates are calculated by using the appropriate scale-up
factors,
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Hydrogen Generation Capacity

Maximum rate 70 1bs/hr 35 mols/hr
Normal rate 20 1bs/hr 10 mols/hr
Minimum rate 5 lbs/hr 2.5 mols/hr

Hydrogen Purity and Delivery Conditions

Hydrogen purity essentially 100%
Pressure 1l - 3 psig
Temperaturs 140°F

Water vapor essentially saturated

Raw Materials and Utilities Available

Methanol See specification in Section III-D
Steam Condensate or demineralized water at 10 psig {(min)
Cooling water at 95°F and 50 psig

Electrical power AC or DC

Basis for Process Calculations = 1 mol CH3OH feed

Reformer Operating Conditions

The operating conditions picked for tinis application are those that
best integrate into the overall design without deviating too far from
conditions that have been previously tested. However, the overall com-
bination of conditions should be confirmed by actual operation. Past
operation has covered the following ranges:

Pressure 0 - 300 psig
Temperature 500 - T00°F
Steam to gas ratio 1:1 to Lsl
Residual methane 0,5 - 0.8%
Methanol conversion 98 - 100%

The operating conditions for this application are taken to be the fol-
lowing:

Pressure h2s psig

Temperature 700°F

Steam to gas ratio 2:1

Residual methane 1.0% v (of hydrogen only)

Residual methanol 100°F approach g,o equilibrium valve
(Kp = 2.32 x 10° at 600°F)

Carbon Monoxide 100°F approach to equilibrium valve

(Kr11 = 9.03 at 800°F)
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Reformer Exit Gas Composition

Residual Methanol

CH3OH + Ho0 T—-"‘—-COQ + 3Ho

(cog) (Hp)3 2
Kp = Sl - S °
A RGO (ZH)° = 2,32 x 105 at 600°F
Let x = methanol reacted Let x = 0,996
CH30H  1-x kp = (0:996) (2.988)3 ( 30 )2
Ho0 2-x (0.00L) (1.00L) (L2992 )
CO2 x
Hp X
3+2x

Thus, residual CH30H = 0.004 mols/mol CHR0H feed

The overall reforming reaction can be expressed as follows:

CH30H + 2,0 Hy0 <== 0,00l CH30H + 0.03 CH), + qC0 + rC0p + sHy + tHyO

where q

[ S O

SR ]

By overall

By overall

By overall

Zinal mols of CO per mol of CH30H feed
n 1 n Cco 2 n n n i n

n n® m H2 n 4] W [ fn
n n n Hzo ] 1 u n n

carbon balance 1 = 0.00L + 0,030 + q + v
r= 00966 - q

oxygen balance 1 + 2 = 0,004 + q + 2r + %
2,996 = + q + 2(0.,996 - q) + t
t = 1,064 + q

hydrogen balance 2 + 2 = 0,008 + 0,060 + s + ¢
3,932 = s + 1,064 + q
s = 2,868 -~ g

Gas composition is compvtod from water gas shift at 800°F

x B2 (0.996 - @) (2.868 - ) . g 03 a1 800°F

co

x H0  (q) (1.064 + q)

Let q = 0,185

(0.

781) (2.683) _

K111 = G

BE) (Loaho) 007
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The exit gas composition from the methanol reformer is:

co 0.185 Mols/mol of CH30H feed

CO2 0.781 u
Ho 2,683 "
HQO ln 2)-19 L
CH30H 0.00kL "
cH,  0.030 "

L.932 "

Heformer Duty
Absolute enthalpy of reactants preheated to 700°F

CH40H 1.000 x ~68,258 = -68,258 Btu/mol of CH30H feed
Ho0 2,000 x -93,303 =-186,606 n

~25k,86L "

Absolute enthalpy of products at 700°F

co 0,185 x =40,803 = =75549  Btu/mol of CH30H feed
C02 0.781 x 158,651 = <123,906 u
Ho 2.683 x 75991 =  <21,41,0 n
H20 1.2h9 x -93,303 = <116,535 "
CH3CH 0.00Lk x ~68,258 = =273 L
CH) 0.030 x =-17,765 = __ =533 m
L.932 ~2275356

Reformer duty = (=227,356) - (=-254,86L) = +27,508 Btu/mol of CH30H feed

Aqueous Methanol Feed Preheater Duty

Preheat reformer feed to 350°F
Methanol in storage at 60°F
Condensate recycled from flue gas cooler at 200°F

CH30H 32 1bs x (232.9 - 16.0) = 6,940 Btu/mol of CH30H feed
H20 36 1bs x (321.6 - 168.0) = 5,530 n

12,470 L

Aqueous Methanol Feed Vaporizer Duty

Preheat; vaporize and superheat reformer feed to 700°F
The boiling point is approximately L20°F
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Preheat duty

CH30H 32 1bs x (291.0 ~ 232.9) = 1,860 Btu/mol CH30H feed
H20 36 1bs x (396.8 = 321.6) = 2,710 "
Lis 570 "

Vaporizing duty

CH30H 32 1bs x (513.0 = 291.0) = 7,100 Btu/mol CH30H feed

Hy0 36 1bs x (1203.1 - 396.8) =29,030 "
365130 n

Superheating duty

CH30H 32 1bs x (6L7.8 = 513.0) = L;310 Btu/mol of CE30H feed
H20 36 1bs x (1368.3 - 1203.1)= 5,950 "

10,260 "
Reformer feed vaporizer duty = 50,960 Btu/mol of CH30H feed

Purge Gas Combustion

The palladium-silver alioy hydrogen diffusion cells are to be sized to
recover 92% of the hydrogen in the reformer exit gas. The purge gas
from the diffusion cell and the oxygen required for combustion are:

Purge Gas + Oxygen €05 + H20

co 0.185  + 0.0925 .y 0.185
Co2 0.781 + — 0,781
H2 0,215 + 0,107 ——> 0.215
H20 1.249 * —_ 1.2hk9
CH30H 0,004 + 0,000 —p 0,00, + 0.008
CH], 0,030 + 0.0600 -3 0,030 + 0.060

2.L46L 0.,2660 1.000 1.532

Heat recovered when burning this gas at 7OO°F and cooling flue gas %o
800°F Oxygen taken at 60°F
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Absolute enthalpy of reactants

Purge Gas at 700°F

co 0,185 x - 10,803 = - 7,549 Btu/mol of CH30H feed
02 0,781 x ~158,651 = -123,906 u
Hp 0.215 x w» 7,991 = 1,718 "
Ho0 1.2h9 x - 93,303 = ~1164535 "
CHCH 0,00k x ~ 68,258 = - 273 "
CH}, 0,030 x - 17,765 = - 533 "
2. L6l -247,078 1
Oxygen at 60°F
02 0.266 x 3,607 = 959 u
~206,119 #
Absolute enthalpy of products at 800°F
C02 1.000 x  -157,L80 = -157,480 "
Ho0 1.532 x = 92,L07 = ~1it1,568 n
2.532 ~29$,0L8 n

Heat recoverable from burning purge gas with oxygen = (=299,048) - (-246,119) =
-52,929 Btu/mol of CH30H feed

Methanol Water Combustion

Heat release required for reformming = 27,508 Btu/mol of CH30H feed
" vaporizer = 50,960 "

" heat loss = _L,286 "

82,754 "

Heat recoverable from purge gas = 52,929 n
Heat required from burning methanol = 29,825 n

Since the response tw preheating and vaporizing aqueous methanol from
its own flue gas would be slow, burn the liquid mixture with oxygen.

Check flame temperature of L.5 to 1.0 mol ratio of water to methanol.

CH30H + 1,5 Oy + L.5 Hp0 ——y COp + 6.5 H0
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Absolute enthalpy of reactants

CH30H at 60°F 1,0 x = 93,404 = - 93,40k Btu/mol of CH30H burned

02 at 60°F 1.5 x 3,607 = & 5,111
H20 at 200°F  Le5 x ~115,155 = =518,198 "
7.0 . B ~6065191 "

Absolute enthalpy of products at 2700°F

CO2 1.0 x =131,980 = -131,980 n
Hp0 6.5 x = 72,680 = ~472,L,20 "
-60L5 1400 "

Adiabatic flame temperature is slightly above 2700°F

Absolute enthalpy of products at 8CO°F

co2 1.0 x 157,480 = <157,L80 n
H,0 6.5 x = 92,407 = =600, 616 "
' 758,126 "

Heat recovered from burning one mol of methanol and cooling flue gas
to 80C°F = (~758,126) - (-606,191) = 151,935 Btu/mol of CH30H burned

Yols methanol burned per mol of methanol feed = 125':3%5 = 0,196

Heat Recovery from Combined Flue Gases

Absolute enthalpy of reactants

2.L6l purge gas + 0.266 02 ——3) 1,000 CO2 + 1.532 Ho0
0.196 CH3CH ® 0,29L 02 + 0.882 H0 3y 0,196 CO2 + 1.27) HoO

0.560 1,196 C0p + 2,806 Ho0
Purge gas = ~21,6,119 Btu/mol of CH30H feed

Methanol feed mixture = -118,813
=36kL5,932 "
Absolute enthalpy of products at 2600°F

CO2  1.196 x ~133,L420 = -159,570 Btu/mol CH30H feed
Hp0 2,806 x ~ 73,800 = 207,082 r

L.002 366,652 ™
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Also at 1600°f

C02 1,196 x -147,317 = -176,191 Btu/mol CH3CH feed
Hp0 2,806 x = 8L, 691 = -237,6L3 "

-11.3,83L
Also at 800°F
€02 1,196 x -157,L80 = -188,3L6 n
Hp0 2,806 x - 92,407 = -259,29L "
~Lli7,6k0 u

Also at LOO°F

€02 1.196 = -161,968 = ~193, 71k "
HpO0 2,806 = - 95,885 = ~269,053 "

=L62,767 "
Also at 300°F
€0z  1.196 x -162,997 = -194,9LL "
Hp0 2,806 x - 96,717 = -271,388 n
HO 2.525 x - 16,382 = - 11,365 n
~507,697 "
Uncondensed water vapor at 300°F and 350 psig

HoO = 1,196 x ?51:?7—:_0-67._5 x 6:%?7 = 0,281 mols

Uncondensed water vapor at 200°F and 350 psig

Ho0 = 1.196 x —_2*° L

et ¥ e = 0,0 1
36h.7 - 1.5  0.99 39 mols

Heat remcval to cool products from 300°F to 200°F

€02 1,196 x 9.3 x (300 - 200) = 1,112 Btu/mol CH30H feed
M0  0.261 x 8.1 x (300 - 200) = 228 n
H0(R) 0.2k2 x 17,602 = 1,260 n
Hp0 2,525 x 18 x (300 - 200) = |,5)85 n

10,145 "
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Temperature-Heat recovered from flue gas

2610 0 Adisbatic fiare temperature
2600 1,983 tu/mol of CH30H feed
1600 119,165 u
800 82,971 "
Loo 98,098 n (Dew Point)
300 1h3,028 "
20C 153,173 W

Palladium Silver Alloy Hydrogen Diffusion Cell

Inlet Hy concentration = %‘:_g_g% x 100 = Shoh¥

Hydrogen recovered = 2,683 x 0,92 = 2,468 mol/mol of CH30H fsed
Hydrogen concentration in purge gas = 2,683 - 2,168 100 = 8,
L.932 = 2.168 T

Average Hp concentration in feed = 31.5%

Direct Contact Cooler Saturation

Hydrogen feed = 2,168 mols/mol of CH30H feed

Inlet temperature = 700°F

Exit temperature = 140°F

Condensate from hydrogen-oxygen fuel cell at 1LO°F

Condensate vaporized = 2,468 x (7991 = LO79) = 0,529 mols/mol of CH30H feed
18 x 101h.1

Hydrogen is saturated at 1LO°F and 1.5 psig
% saturated at O psig = 0,529 % L. 7 x 100 = 90%
2.997 * 2.89
Temperature at which Hp is saturated at O psig = 136°F

Flue Gas Cooler Duty

153,173 - 12,470 - 82,75k = 57,949 Btu/mol CH30H feed

Water Balance

Water in reformer feed 2,000  mols/mol of CH3CH feed
Water in reformer fuel 0.882 n
Water to saturate product 0,529 "

3.411 "
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Water condensed in cooler 2.767 mols/mol of CHy0H feed
”n

Water out in product Hy 0:529
3,296 i
Water make-up 0,115 "

Cxygen Vaporizer Dubty

Oxygen flow = 0,560 mols/mol of CH,0H feed

Inlet temperaturs and enthalpy = ~297.6°F 290 Btu/mol
Liquid at boiling point (465 psig) = ~R02°F 1640 ¢
Vapor at n ) n T ow _ _2020F 3250
Outlet temperature = 60CF 5630 »

Oxygen vaporizer duty = 0.560 (5630 - 290) = 2990 Btu/mol CH;0H feed

Scale—up Factor

Hydrogen produced per mol methancl feed = 2.468 mols
Maximum hydrogen rate = 35.0 mols/hr

Scale-up factor = 35,00 = 14,1815
201}68
Material Balance at Maximum Production Rate (Pound Mols/Hr)

1 2 3 4 5 6
Methanol Water Reformer Dry Purge Oxygen
Feed Feed Effluent Hydrogen Gas
co 2,62 2,62
CO, 11,08 11,08
Hz 38005 35000 3.05
HZO 28036 17071 17071
CI:IBOH 14018 0,06 0,06
CHy 0,43 0043
0, Te94
Total 114-018 28.36 69095 35000 315095 70910
Pres, psig 450 450 425 15 415 450
Temp, OF 60 200 700 700 700 60
gpm 1.15 1,02
7 8 9 10 11
Fuel Flue Condensate Product Condensate
Gas Hydrogen Makeup
CO, 16,96
H2 . 35,00
Hy0 12,51 39.79 7,50 7050 1.63
CH30H 2,78
Total 15029 56075 7050 [&20 50 1063
Pres, psig 450 360 10 1-2 360
Tempe OF 800 140 140 140
gpm 0,27 0,06
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Heat Transfer Duties

176,800 Btu/hr
722,700
390,100 *®
821,700
42,400

Aqueous Methanol Feed Preheater
Aqueous Methanol Feed Vaporizer
Reformer

Flue Gas Cooler

Oxygen Vaporizer

gy

Electrical Power Requirements

1A Process Methanol Feed Pump
BHP = 1.15 x 450 —OJd(kw—Omlx ﬁ = 0.38)
1714 x 0.75

1B Process Condensate Feed Pump
BHP = 1.02 x 450 = 0.36 (kw = 0.34)
1714 x 0.75

24 Fuel Methanol Feed Pump

BHP = 0,23 x 450 = 0,08 (kw = 0.08)
1714 x 0.75

2B Fuel Water Injection Pump

BHP = Q.45 x 450 = 0,16 (kw = 0.15)
17111. X Oe75

3 Condensate Makeup Pump
BHP = 0,06 x 360 = 0.03 (kw = 0.03)
1714 x 0.50
L, Oxygen Pump
BHP = Q.45 x 450 = 0,24 (kw = 0.24)
1714 x 0.50

Power requirements at maximum rate = 1.22 kw

Raw Material and Utility Usage at Normal Rate

Hydrogen production = 20 lbs/hr 10 mols/hr
Mols/hr of CH30H feed = lO6 = 4,052 mols/hr
2.468
Heat required for vaporization = 4,052 x 50,960 = 206,490 Btu/hr
" " *  reforming = 4,052 x 27, 508 = 111, l+62
Heat loss above 800°F = 14.18 x 4,268 = 60,2:25 n
378,727 "
Heat recovered above 800°F in purge
4L.052 x 52,929 = 214,468 #
Heat provided by burning methanol = 164,259 ®
¥ols/hr of CH0H fuel = 164,259 = 1.081 mols/hr
151,935
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At 2. e

Ongen to burn purge gas = 4,052 x 0,266 = 1,078 mols/hr
H:0H fuel =1.081 x 1,500 = 1,622 "
2,700 "

Cooling duty in flune gas cooler

Heat to be removed below 800°F per mol of methanol
feed. Absolute enthalpy at Z00°F
GO 1.000 x - 163,978

~163,978 Btu/mol CHyOH feed
Hy0 1.532 x = 97,537

-149,427

Hnunh

HoO() 1,498 x - 17,602 - _6_,_3_@_@ n

~339,773 *
Absolute enthalpy at 800°F = -299,048 "
Heat to be removed = = 40,725 "

Heat to be removed below 800°F per mol of methanol fuel
Absolute enthalpy at 200°F

1,00 x - 163,978 = ~163,978 Btu/mol CH_OH fuel
H 6 6,50 x - 97,537 = -633,991 n3
on\) bok7 x — 17,602 = -113,885 "
~911 854 "
Absolute enthalpy at 800°F = -758,126
Heat to be removed = -153,728 v

Flue gas cooler duty
40052 x 40,725
1.08% x 153,728

165,018 Btu/hr
186,180 Btu/nr
331,198 Btu/hr

it

Heat removed in pre~ o/
heater 509228 Btu/hr
Flue gas cooler duty = 280,670 Btu/hr (28 gpm)

Raw Material and Utility Usage at Minimum Rate

Hydrogen production = 5 lbe/hr 2,5 mols/hr
Mols/hr of CHyOH feed = 2,500 = 1.013 mols/hr
2.468
Heat requlred for vaporization = 1,013 x 50,960 = 51,622 Btn/hr
% reforming = 1.013 x 27,508 = 27,866
Heat loss above 800°F = 14,18 x 4268 = 60,:2%5 "
140,263 »

Heat resovered above 800°F in purge =
1,013 x 52,929 —-__52_;.9.% "
6l

Heat provided by burning methanol "

¥ols/hr of CH,OH fuel = 86,646 :: 0.570 mols/hr

3 151,935
Oxygen te burn purge gas = 10013 x 0,266 = 0,269
o " " CH,OH fuel = 0,570 x 1.500 = 0,855

3 1,124 mols/hr
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Flue gas cooler dubty
1.013 x 40,725 = 41,254 Biu/hr
0,570 x 153,728 -~ 87,625 ®
128,879 o

Heat removed in pre-
heater = _12,632 ®
Flue gas cooler duty = 116,247 (12 gpm)

Cold Gas Efficiency at Maximum Rate

1.

2,

3

Efficiency = ¥ 122,970 x 100 = 81.2%
16,96 x 312,570

Volume of Hydrogen in System

In Reformer

Cross sectional asrea = (12,73 ~ hof3) = 0.0576 3
ik

Volume in 8 tubes = 0,0576 X 8 x 11.42 = 5.27 £t°

Catalyst voids = 50%

Max H, Concentration = 5k4%

TempeFatrre = TO0°F

Pregsure = 30 atm

H2 = 5027 ¥ 30 X 0.5 x o5k x 520 = 19.3 SCF
11

In Psiiadium Diffusion Cell

Volume per ceil = l.496 z 28 = 0.0243 i3
144 12

Number of cells = 64

Average H, Concentration = 31.5%

Temperature = 700°F

Pressure = 30 aum

Hy = 0,0243 x 64 % 30 x 520 x 0,315 = 6.6 SCF
1160

In Methanatcr

Cross sectional area = 240.5 = 167 12
iy
Catalyst volds = 40%
Terperature = 700CF
Pressure = 1.2 atm
Hy= 1,67 x 1.2 x 520 x {1,083 # Ock X 2.75) = 2.0 SCF
PR
é
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Lo Saturator

H2 = 120.6 x (4o5 x 0.5) x %x le2 <~ 2,0 SCF

£

5. Piping
Assume 150' of 1/2" pipe
Ho = 150 x 0,304 x 520 30 x 0,544 = 2.3 SCF
1t 1160

6. Total holdup of Hydrogen = 32,2 SCF
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PLANT DESIGN ~ contde

2. Utility Rejuire:nents

The utility and raw material requirements are calculated
as shown above, The results are summarized in Table V-1,

Figure V-B-2 shows graphically the effect cof hydrcgen pro-
duction rate on the raw material consumption. The hydrogen
production rate is expressed as pounds per hour while the
methanol and oxygen consumption is expressed as pounds per
pound of hydrogen produced. These curves increase greatly

as the hydrogen production decreases because of the pro-
portionally increased effect of heat loss at the lower rates,
Also included in Figure V-B-2 is the cold gas efficiency,

the heating value in the product as a percentage of the heating
value in the total methanol.

TABLE.V-1

Summary of Raw Materials and Utilities at Various Rates

Rate Minimum Normgl Maximum
Product Haz, Lbs/Hr. 5 20 70
Methanol

To Process, Lbs/Hr. 32.4 129.7 453.8

To Fuel Lbs/Hr. 18,2 3keb 89,0

Total Lbs/Hr. 5006 16443 542,8
Oxygen, Lbs/Hr. 36,0 86,4, 254
Condensate, Lbs/Hr. 12 L7 165
Cooling Water, GPM 12 28 82
Electrical Power, KW 1.22 le22 1,22
Cold Gas Efficiency, % 62,1 7606 81,2
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3o Equipment Sizing

The detailed calculations on the sizing of the equipment
are summarized in this section. Included is an equipment
list giving the major design specifications on the pieces
of equipment used in the proposed system.

Equipment Sizing (Other than Pumps)

ae Aqueous Methanol Feed Preheater
Duty = 176,800 Btu/hr,
Liquid in = 150°F; Liquid Out = 350°F.
Flue gas in 800°F; Flue gas Out = L75°F,
IMA T = 450 - 325 = 383°F,
450

1n 325

Surface area = 176,800 = 1544 Tte?
383 x 30

bs Agueous Methanol Feed Vaporizer
Duty = 722,700 Btu/hr,
Heat flux = 20,000 Btu/hr/ft.?
Surface area = 722,700 = 36,1 ft.2
20,000

co Reformer
Duty = 390,100 Btu/hr.
Process gas in = 700°F., Out 700°F,
Flue gas in = 1490°F,, Qut 800°F,
Space velocity = 3000 SCFH of Ha/vol of catalyst
IMAT = 790 ~ 100 = 334°F,
i K

Catalyst volume = 38,05 x 379s5 = 4.8L ft.>
3000

Surface area = 390,100 = 52 £t,2
334 x 2245

Flow area inside 4" Sch. 4O pipe
Total area of 2" pipe
Annular flow area

0,088 ft.2
0.0308 .2
0.0576 f£t.2

mnn

Length of annulus 4,81 = 83,5 fte (eight 10'-6" lengths)
0,0576
Surface = 0,622 x 84 = 52,2 f1,°2
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de Flue Gas Cooler
Duty = 821,700 Btu/hr,
Cooling water In 95°F.; Out 115°F, Flow = 82.1 GPM
Flue gas in 475; Out 200°F,
IMTD = 360 -~ 105 = 207°F,
1In 260
105
Surface area = 821,700 = 39.7 fte2
207 x 100

ee Oxygen Vaporizer
Duty = 42,400 Btu/hr.
Oxygen In --297°F.; Out 60°F,
Cooling water In 115°F,; Out 114°F,

IMID = 410 - 55 = 177°F.
m 40
55
Surface area = 42,400 = 3,0 £t02
177 x 80

f. Palladium Hydrogen Diffusion Cell

Flow = 35 x 379.5 = 13,300 SCF/Hr.

Capacity of J. Bishop Type A-71 cell for pure Hp
at 400 psig differential pressure = 650 SCF/Hr.

Correction factor for operation at average Hp
concentration of 31.5% = 0035

Correction factor for having product hydrogen
pressure greater than 0,95

Capacity per cell = 650 x 0,35 x 0,95 = 216 SCF/Hr,

Number of A-71 cells = 13,300 = 6l.6
216

go Methanator
Flow = 13,300 SCF/hr.
Space velocity = 3000 SCF/hr. of Hp/ft.3 of catalyst
Catalyst volume = 13,300 = Lo43 fto3
3,000

Bed dimensions = 18" sche ST plpe x 2'-9" high

he Saturator
Flow = 42,5 x 379.5 = 16,100 SCF/Hre 5.2 ACF/Seco
Molecular weight = Lo83 e
Allowable superficial velocity = 0.1 x 62:3 =769 ft/sece
0,011

Cross sectional area = 5,2 = 0466 fto2
7.9
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ie

Use 12" sch. 20 pipe x 4%-0 TT

Separator
Flow = 17,54 x 379.5 = 6660 SCF/Hr, 0,095 ACF/Sec,

Molecular weight = L4
Allowable superficial velocity = 0.l x|/ 6243 - 2.3 = 0.51 ft/sec.
V 2.3

Cross sectional area = 0,095 = 0,186 ft.2 (6" Sch. 4O pipe)
0051

Size for 2 min. holdup of condensate,
Volume = 2 x ch}? = 209‘& gal. or 214»05 lbs,

Use 8" Scho 40 pipe x 3Y~0% TT

Equipment List

8o -

b,

Process Methanol Feed Pump

Type Reciprocating
Capacity 1.21 GPM (max.)
Suction Prese 0 to 320 Psige.
Disc Pres. 450 Psig..
Suction Temp. 30 ~ 85°F,
Process Corndensate Feed Pump
Typse Reciprocating
Capacity 1.07 GPM (max.)
Suction Pres. 0 - 350 Psig.
Disc Pres. L50 Psige
Suction Temp. 100 to 200°F,

Use le5 HiP. electric motor drive with speed control
turn down of 20 to 1,0 Duplex pump with methanol -
in one cylinder and condensate in the other cylinder,

Fuel Methanol Feed Pump

Type Reciprocating
Capacity 0,24 GPM (max.)
Suction Pres. 0 to 320 Psig.
Disc Pres, 450 Psig.
Suction Temp 30 -~ 85°F,
Fuel Water Injection Pump
Type Reciprocating
Capacity 048 GPM (max.)
Suction Pres, 0 to 350 Psige.
Disc Pres. 450 Psigo,
Suction Temp. 100 ts 200°F.

V-30




Ve

PLANT DESIGN ~ contd,

Ce

de

Ce

£

Bo

Use 0.75 HP electric motor drive with speed con-
trol turn down of 20 to 1.0 Duplex pump with methanol
in one cylinder and condensate in the other cylinder.

Condensate Makeup Pump

ype
Capacity
Suction Pres.
Disc, Pres.
Suction Tempe

Use 0,25 HP electri
of

trol turn down

Oxygen Pump
Type
Capacity
Suction Pres.
Disco Prese
Suction Temps

20

Reciprocating
0,20 GPM (Max.o)
0 - 10 Psig.
350 PSiga

100 - 140°F,

motor drive with speed con-~

to l.0.

Reciprocating

0,50 GPM (Max.)

25 Psig. {for NPSH requirements)
L50 Psig.

-297.6°F,

Use 0,75 HP electric motor drive with speed control
turn down of 20 to 1.0,

Aqueocus Methanol Feed Preheater

Type

Design Pres,
Design Tempo
Duty
Surface
Material

Aqueous Methanol Feed

Type

Design Pres.
Design Temp.
Duty
Surface
Material

Reformer

Type

Dimension

Catalyst in Annuius

Number of Units
Design Pres.

Design Temp.
Material

v-31

Shell and Tube
500 Psig.
850°F,

176,800 Btu/hr.
156k fto2

Type 30k S¢S0

Vaporiger

Coil in Shell

500 Pgig. (Coil) 450 Psig(Shell)
1200°F, (Coil) 450°F. (Shell)
722,700 Btu/hr,

366l Ft.2

Ty’pe 3[&7 SeSe (Coil) CeSe (Shell)

Double Pipe
L Sche 40 Outer Pipe x 101-6%
Catalyst Depth,2" Sche 40 Tnner Pipe
0,61 Fto3
8
45C Psige. (Quter Pipe), LOO Psig.
Inner Fips)
1000°F, (Outer Pipe), 1600°F. (Inner Pipe)
Type 347 SeSe



V. PLANT DESIGN - contd,

he Flue Gas Cooler

Type Shell and Tube
Design Pres, LOO Psig.
Design Temp. 600 °F,
Duty 821,200 Btu/hr.
Surface Area 39,7 Fte.2
Material Type 304 SeSe

i. Palladium Hydrogen Diffusion Cells
Type Jo Bishop Type A-71
Number 6l

Jo Methanator

Type Vertical Cylinder

Design Pres. 50 Psige

Design Temp. 800°F,

Dimensions 18" 0D x 4*-6" TT

Material Type 347 SoSe

Catalyst Girdler Type G-32 (ho43 ft.3)
ke Saturator

Type Vertical Cylinder

Design Pres, 50 Psig.

Design Temp, 650°F,

Dimensions 12 Sche 40 Pipe x 47-0" TT

Material Type 304 S.S.
l. Separator

Type Vertical Cylinder

Design Prese. 400 Psig.

Design Temp, 650°F,

Dimensions 8" Sche 4O Pipe x 3'-O" TT

Material Type 304 S5,
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C. Mechanical Details of Major Equipment

Five semi-detailed sketches have been prepared to depict the

"physical characteristics of the principal process equipment

components, These ares

Figure No. V-C-1 Methanator
Figure No., V-C-2 Saturator
Figure No. V-C-3 Feed Vaporizer
Figure No. V-3-4 Reformer
Figure No. V-C-5 Separator

The assembly of these process equipment components together
with pumps and heat exchangers into the given available space
is shown in the following three scale study drawingss

Figure No. V-C-6 Hydrogen Generator, Plan View
Figure No. V-C-7 Hydrogen Generator, Elevation
Figure No. V-C-8 Hydrogen Generator, Isometric View

D. Instrumentation

The hydrogen gas production rate of the hydrogen generator is

set by adjustment of the speed of the process methanol and con-
densate feed metering pumps. This speed adjustment can be achieved
by a locally-mounted manual loading station or remotely in response
to the submarine command instructions to a computer control center.
The computer control center may contain an analog or other type
computer which receives feedback intelligence data from the individual
control instruments including, but not limited to:

l. Temperature of process gas leaving reformer,

2. Oxygen and carbon menoxide concentration in flue gas leaving
methanol feed vaporizer.

3. OSpeed controller of fuel methanol and of oxygen pump,
L. Condensate level switch at flue gas cooler separator.

The computer routine is programmed to regulate and to maintain the
process conditions and variables as required for optimum hydrogen
production at the set rate. The temperature of the process gas
leaving the reformer is controlled by adjusting the speed of the
fuel and condensate metering pumps,

The combustion is controlled by measuring the speed of the metharol

fuel pump, the speed of the oxygen pump and the oxygen and carbon
ronoxide content of the flue gas. The signals from ithese measurements
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feed back to the computer and an outpui signal is sent to an
oxygen fuel ratio controller. This controller then countrols
the speed of the oxygen pump.

Two back pressure regulators are provided to maintain pressure
on both the process gas and the flue gas side of the reformer.
The level switch on the condensate separator will supply a signal
which can be made to adjust the speed controlier governing the
speed of the condensate makeup pump.

The anticipatory characteristics of the computer control center,

and the other control components will be selected so that lag time

will be minimized when a change in rate order is issued by the
submarine command or whenever any process condition tends to deviate from
the respective optimum condition required by the established production
rate. However, it is anticipated that at times, an extremely rapid
increase in rate of hydrogen production may be required by the
submarine command. The normal processes of increase in combustion of
vaporizer fuel and heat transfer rate to the reforming catalyst chamber
may not be sufficiently rapid to satisfy these extreme requirements,

To satisfy this heavier demand extra heat input directly to the
catalytic reactor can be obtained by means of injecting reactant oxygen
directly into the methanol-water vapor mixture entering the reactor.
The duration of the periods of oxygen injection and consequent heat
generation from oxidation of methanol will be very short.

The oxygen injection assist will cease as soon zg the rate of heat
transfer from the flue gas is sufficient to maintain satisfactory
process conditions at the increased hydrogen rate. To prevont any
deficiency in oxygen flow to the feed vaporizer burner during

oxygen injection the computer program routine will te devised to
increase the oxygen pump speed sufficiently to maintain sufficient
oxygen {low for all requirements. At the same time; the process
methanol feed stream will be increased sufficiently for btoth the

feed for increased hydrogen production and the portion which will

react with the injected oxygen,

A temperature switch is located at the outlet of the methanator to
actuate a high temperature alarm. This alarm warns of leakage of
impurities into the product hydrogen stream leaving the purifier cell,
This switch may also send a feedback signal to the computer control
center to shut down the hydrogen generator if continued excessively high
temperature of the hydrogen product gas should endanger the fuel cells,

It is contemplated that over a period of time the dynamic characteristics
of the unit may drift somewhat due to various factors such as catalyst
aging. wear or heat loss variation. With a completely computerized
system the control program could be self correcting to maintain opiimum
performance. This would be a goal for the future after operational
experience is gained, In the immediate stage of development an

arbitrary correction can be bailt into the control system bssed on

data obtained from the proposed prototype program.
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E. Physical

The approximate weight and size of the principal items of
process equipment have been estimated to be as followss

EQUIPMENT PIECE NUMBER DESCRIPTION

REFERENCE FIGURES
(NOo V-C-6,-7,~8)

1

10

11

12

13

(offsite)

WEIGHT
POUNDS

Reformer and
Hydrogen Puri-
fier Cell Units

3000

Methanator 740
&queous Meth- 3830
anol feed
vaporizer

Oxygen vaporizer 80

&queous methanol 400
feed preheater

Flue Gas cooler 500
Separator 130

Direct contact 260
cooler saturator

Process Methanol 625
Feed Pump

Process Conden- 625
sate Feed Pump

Fuel Methanol L40
Pump

Fuel Water In- 440
Jection pump

Condensate make- 200
up pump P
11,270

Oxygen Pump 400

V-35

DIMENSIONS VOLUME

CUBIC FT.

11-3Wx50.91x 92,5

12t-10%

18%0.Dx3%-10" 6.8
Tangent to

head

37 1/2"0.D. 59
x7¥-3" zpprox.

O P 0Mx] 838 2.5

15"0.DxbH?-O% Tols

18%0,Dx61-0" 10,6
9m0,Dx31-0" Lok
13M0.DxLE-0" 3,7
29-6Ux11-TM 6,0
X168

2060 178 6.0
xLt-61

28-6Mx1 1.7 6.0
x1t-6m

UKL 6,0
x11-6%

o

12-9mx3v.0M 6.

¥ 1-3n
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VI. DISCUSSION OF CHARACTERISTICS

The process presented was designed keeping in mind the various require-
ments peculiar to the submarine application., The three most important
factors considered were compactness, rapid response to changes in output
demand, and safety, Summarized in this section is a discussion of the
more important characteristics of this design and the effect of some al-
ternatives and scale~up.

A. Physical

The detailed discussion of the process and the major pieces of
equipment is contained in Section V.

1, Design Advantages

The proposed design has many advantages which make it
particularly suitable for submarine application. With
the exception of the feed vaporizer all of the major
pieces of equipment are small euough to fit through

a hatch of 25" in diameter, Thus for repair or replace-
ment it would not be necessary to cut through the side
of the ship, The one exception, the feed vaporizer,

is easily constructed and could be assembled on board
the submarine. The design is compact and readily adapt-
able to the 580 hull design, The reformer and the pal-
ladium diffusion purification cells both operate at the
same temperature. Since they are both compacty they
were designed to be installed within a single insulated
box. This eliminates the need for refractory lining

in the reformer., The reformer and palladium diffusion
cells are thus more resistant to shock. Making use of
a common insulated box reduces the lost space of in-
dividual insulation. The feature of high pressure re-
forming has the advantage that the carbon dioxide flue
gas can be ejected overboard without the use of a
compressor. Also, no compressor is needed to pressurize
the crude hydrngen gas for purification in the palladium
cellse

Elimination of a compressor removes a source of structure
borne vibration which experience from Girdler built Car-
bon Dioxide Removal Units has shown to be quite trouble~
some, The only rotating components in this design are
the water, methanol, and liguid oxygen pumps and motivation
systems, The pumps are positive displacement., Girdler's
experience with structure borne sound evaluations had
shown the positive displacement pump to be troublesome.
However, this problem has been successfully eliminated

by the use of pulsation dampeners, No particular troubles
are foreseen in accomplishing a particularly noise quiet
unite.

VI-1




Vi,

DISCUSSION OF CHARACTERISTICS - contde.

With the proposed system there are no liquid solutions,
thus a reduction in contamination susceptibility. There
would, likewise, be no chemicals to store. The plant
design is capable of operating at steep angles and
standard conditions of pitch and roll are expected to
have no effect.

The instrumentstion on this design is quite complete
making the unit fully automatic and lends itself to
computer control for advantageous response character-
isticse The rapid response characteristics are accom-
plished by the unique injection of additional oxygen
into the reaction zone of the reactor., Because of the
high degree of instrumentation the design is considered
quite safe, The hydrogen inventory has likewise been
held to a minimum, less than 50 SCF,.

The maintenance is expected to be at a minimum because

no corrosive solutions or chemicals are being encountered.
There are no extraneous materials generated which could
contaminate the submarine atmosphere,

2. Desirable Alternatives

The proposed design is highly sophisticated and efficient.
The system makes efficient use of all the waste heat at
the expense of more equipment and instrumentation. A
more simple design could be made., It would be less ef-
ficient and would require 10-15% more methanol but very
little additional oxygen consumption, It would have a
direct fired vaporizer and preheater with firing at at-
mospheric pressure, The carbon dicxide would then have
to be compressed for ejeciion overboard, The off-gas
from the palladium diffuser cells, containing small
amounts of carbon monoxide and methane under pressure,
would be ejected overboard without firing. A design of
this type would require much less instrumentation, thus
a more compact design. It could also be computer con-
trolled for a minimum of attention. The difficulty of
firing the vaporizer under pressure would be eliminated,

Operation on air would be less difficult because there

would be no necesgity for compressing the air needed for
combustion.

An alternative to the above designs can be made, Dilesel

fuel can be substituted for methanol for firing the
vapcrizere This would result in use of a fuel having a

VI-2




Vi

DISCUSSION OF CHARACTERISTICS - contde

Be

higher heating value with less fuel being required.
This diesel fuel firing can be accomplished because
the flue gas does not enter the reformer or the pal-
ladium diffuser cells, Diesel fuel firing could not
be tolerated without special treating if the flue gas
goes to the palladium cells as there may be palladium
poisons in the oile. Some greater difficulty may be
encountered in the firing of diesel fuel under pres-
sure than with methanol,

It may develop that from s detection point of view it
would bs undesirablo to eject the carbon dioxide
directly overboardes If that should be the case, the
proposed design cuuid be slightly altered. Bscause
the carbon dioxide is under pressure, it could be
further dried and then liquified by cryogenic cooling
with liquid oxygene The liquid carbon dicxide could
be easily stored in tanks and pumped overboard at a
convenient time,

3« Scale-u

The design of this plant is readily adaptable to
scale-up. No great problems with respect to process
are anticipated. The same general flow scheme would
be used.

Generally speaking the size of the equipment would be
directly related to the scale-up desired. For in-
stance, to scale-up from 70 lbs/hr., to 350 lbs/hr.
would require 40 reformer tubes instead of the present
8 tubes gnd the methan %tor volume would increase from
Lok5 fto? to 22,15 ft. If the larger sized unit is
undesirable then multiple trains of equipment can be
useds The larger sized plant would not be adaptable
to the spacing allotment for the 580 hull design but
could quite readily be adapted to a new submarine de-

sign.

Operating

ls Startup

Initially there are two pre~startup furictions which can

be performed irt ports These are aetivation of the pal-
ladium silver alloy and activation of the methanation
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catalyst, if required. The palladium is activated by
evacuating both sides of the cell down to an absolute
pregsure of 1 - 2 mm of Hg, bleeding in air to atmos-
pheric pressure and re-evacuating. The above procedure
is carried out while the cells are heated tc 800°F, by
hot flue gases flowing through the reformer tutes which
are insulated together with the hydrogen purifier cells.
The palladium should not require regeneration unless
mis-operation of the reforming step produces carbon
and/or olefins which will temporarily poison the pal-
ladiume, This step could be perfermed at sea by the
addition of a vacuum pump,

Activation of the methanation catalyst is carried out
by reducing it with hydrogen at 750°F, for about six
hours., The flow of hydrogen can be obtained from cy-
linders with preheating o 750°F, in the reformer or
methanol can be reformed in the hydrogen generator to
produce the required hydrogen tlow, This step can
also be performed at sea if required.

Also, before insulation is applied, the hydrogen gen-
erator should be tested for leaks, Before each startup
the hydrogen purifier cells should be checked for leaks
by applying nitrogen to the high pressure side and notlng
any pressure rise on the low pressure sidae

On startup the submarine should be vented to the surface
in order that the burner can be lighted off at atmos-
pheric pressure. Condensate is pumped at a low rate
through the vaporizer and vented to the atmosphere to
prevent overheating of the vaporizer coil and to con-
trol the temperature of the flue gases to the reformer,

The burner is started up on a methanol-water mixture and
oxygen., It is ignited at atmospheric pressure by means
of a lance inserted through a hand hole which is flanged
up after light off, Cooling water flow i3 =stablished
t hrough the flue gas cooler and oxygen vaporizer before
light-off since ccoling watcr is used to vaporize the

OoXygenhs

After the hot flue gases have raised the reformer tubes
and palladium diffusion cells up to operating temper-
ature, the process methanol feed is started.

After flow is established through the unit, the pressure
on the process side is increased slowly from atmospheric
to 200 psig. ODuring this period the purge gas is vented
rather than bzaing buined lu ine vaporizer for heat re-
covery since thers would be excessive hydrogen in the
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purge gas for heat balance. At this pressure sufficient
hydrogen will be diffusing through the palladium so that
the purge gases can be burned, After purge gas burning
has been established, the pressure on the flue gas slde
is increased until the normgl operating pressure of 350
psig is reached., As the process pressure and the flue
gas pressure are increased, the process flow and fuel
firing may be increased up to the desired flow rate.

During start-up it will be necessary to withdraw all of
the condensate from storage until the flue gas system

is under normal cperating pressure of 350 psig. At this
time, the condensate make-up pump is started and flow
established to the flue gas systems The condensate
supply is Lhen switched from storage to the separator
where condensate condensed from the flue gases is stored,

The hot low pressure hydrogen is cooled and saturated
in the Airect contact cooler. Condensate is made up
automatically by level contrcl., The saturated hydrogen
then flows to the fuel cell,

ter the system is operating under full pressure, the
control of production rate or flow rate can be transferred
to the computer control center,

2. Normal Operation

During normal operation, the flow rates of process raw
materials, fuel and oxygen are controlled from the com—
puter control center. They are such as to exactly
balance the hydrogen demand of the fuel cellse The in-
let and exit temperatures of the methanator will be
constant unless there is a leak in the palladium tubinge.
In this case the exit temperature will increase about
140°F, for each one per cent of carbon oxides leakage.
The injection of caygsn directly into the process gas
leaving the vaporizer is not used under steady state
conditionr. The reformer exit temperature controls

the fuel methanol flow rate. If the temperature of the
flue gases tu the reformer 1s too high, ihe ratio of
fuel injection water to fuel is increased, The flow
of oxygen is controlled by the analysis of the flue
gases for oxygen and CC plus the speed of the fuel
methanol-injection water puap.

If a small change in nydrogen demand is signaled from
the submarine command to the computer control center,
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the computer will reset all flow rates simultaneously
eliminating the normal instrumentation lag between the
increase in process feed and the increase in fuel and
oxygen. However, if a large change in flow rate is
required such that a large change in heat transfer
rate is required in the vaporizer, the computer will
reset all flow rates accordingly. In addition it will
over-ride the oxygen pump speed so that oxygen is
available for direct injection into the process line
from the vaporizer to the reformer, to maintain the
reformer exit Lemperature at the desired temperature
while the refractory in the vaporizer is heating up to
the temperature required for the higher heat transfer
rates The injection of oxygen into the process gas is
transient and is discontinued as soon as the normal
firing methods catch up with the higher hydrogen pro-
duction rate.

If a large decrease in hydrogen production is signaled
the process methanol rate is decreased at constant
condensate rate until the refractory in the vaporizer
has cooled down to the new temperature level and the
hot piping in the reformer cooled downe At this time

the process methanol-water ratio is returned to nommal,

If no hydrogen is required, the hydrogen generator is
kept at operating temperature by burning fuel methanol
to keep the equipment hote Sufficient process con-

densate must be pumped through the vaporizer to prevent

overheating at minimum burner turndowne The steam
passing through the process side of the reformer and
hydrogen purifier must be discharged downstream of the
vaporizer to prevent quenching of the burner flame.
The steam is condensed in the flue gas cooler and re-
cycled to the condensate pumps,

3. Shut-down

If the hydrogen generator is to be shut down for a short

period, the flow of process methanol is shut off. The

flow of process condensate is continued until the steam

has displaced all the hydrogen containing process gas
from the high pressure side of the systeme The oxygen
pump, fuel methanel pump and water injection pump can
then be shut off, This can be carried out in the sub-
merged position., However, the reduction of pressure

on the system and the final venting of flue gases cannot
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be done until the submarine is vented to the surface.
The low pressure side of the palladium diffuser, the
methanator and direct cooler-saturator can be boxed
in full of hydrogen ready for the next startup since
the quantity of hydrogen contained in these units at
atmospheric pressure is quite smalle.

If the shutdown is to be of extended durgtiocn, the low
pressure hydrogen can be purged out with nitrogen. If
this is done, this gystem will have to be evacuated
hafore the next startup for normal cperation. However
by telerating impure hydrogen to the fuel cell for a
short period of time on the next startup the need

for evacuation could be avoided.

The high pressure oxygen in the piping can be retained
in the piping or vented to the submarine atmosphere,

Lo Power Consumption at Various Rates

Since all pump drivers are of the variable speed type,
little power is saved at reduced rates if speed.variation
is accomplished by the various methods such as magnetic
clutch, electronic control or D.C. series motore. Since
the power consumption is so small, this item is of little
consequence, Other types of drive using belts and plane-
tary gears use less power at reduced speeds bub are more
subject to slippage and wear and in addition considerably

moTre nolsy .in cperatioiie
50 Regponse Time

The overall response time of the hydrogen generator can
best be understood by analyzing the response time of
each section of the unit, The purification section
which consists of the palladium diffuser, methanator,
and cooler-saturator is essentially instantaneous in
response provided the system is maintgined at operating
conditions and can be supplied with the required crude
hydrogen feede It can be turned on, turned ofi or
changed in flow rate as rapidly as a water faucet. How-
ever, it is more difficult for the generating section
to supply the crude hydrogen with this facility. In
this section, the response of the heat transfer equip-
ment is limiting, The refractory mass in the vaporizer
although amall requires some finite time to charige to

a new temperature levels The refractory should be light
w2ight and have low heat storage characteristicse. There
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is also a small inherent lag in any heat recovery system
such as is used in this generation section where the
process feed iz preheated with flue gas of which about
50% is supplied by the burning of the purge gases. It
is these two lag times mentioned above that the direvt
injection of oxygen into the process feed stream is pro-
posed to eliminate or reduce to a minimum,

Experience on other units of this type would indicate

a start-up from a cold unit to normal cperating rate
might requires ahout 30 minutes, Shutting down the unit
would be essentially instantaneous. Response time from
minimum operating rate to maximum operating rate would
be in the order of a few minutes, Response time from
normal operating rate to maximum operating rate would
be essentially instantaneous with the use of the oxygen
assist feature of the design.

6. On Stream Faclor

The unit has been designed to easily ineet the require-
ment of 10 days continuous operation. Most of this
operation would be at the nommal rate with 10 hours at
the maximum rate in two hour periods. However, it is
believed that the equipment is designed to operate con-
gsiderably longer than this without maintenance. Ex-
perience indicates that catalyst 1life expectancy can be
considerably greater than the 10 days specified. For
long periods of operation allowance may be required to
allow for changing catalysts characteristics.

General
1. Fuel

Methanol as a process or combustion fuel for hydrogen
generation on board submarines has many advantages over
other materials such as jet fuel, diesel oil, or ammonia.
Methanol is a relatively pure chemical, 99.85% in com-
mercial quantities. It is widely available and easily
stored and handled. Being of high purity, methanol does
not give rise to undesirable by-products which would
result in difficult dispesal prcblems on submariness
Methanol does not contain sulfur, a catalyst poison,
which may be present in some petroleum fuels, There
are no large quantities of nitrogen to be disposed of
by liquefaction or some other more difficult means, as
would be the cases with ammonia decomposition.
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There is reason to believe thal ethanol could be sub-
stituted for methanol. This could re the commercial
azeotrope ethanol-water mixture. For the fuel side

of the process other materials could be substituted
for the methanol if certain design provisions are made
while still maintaining the process advantages of meth-
ancl as a process feed,

2. Disposal of Waste Gases

In the proposed design, esssntially all of the carbon

in both the process feed methanol and fuel methanol

leave the generator in the form of carbon dioxide at

350 psig, 200°F, and saturated with water vapor. Also,
present is the argon contained in the oxygen and probably
a small quantity of unreacted oxygen and carbon monoxide
which generally results even from combustion at stoichio-
metric ratios of fuel and oxygen. Under these conditions,
there is sufficient pressure for the carbon dioxide to be
released overboard while submerged. The present design
incorporates this technique. If this procedure is not
desirable from the standpoints of noise and surface de-
tection, the carbon dioxide can be liquefied by the evap-
oration of liquid oxygen flowing to the fuel cell and to
the hydrogen generator. It can be purged overboard from
the submarine continuousiy mixed in with the sea water
cooling system; or if necessary, it can be stored as a
liquid and discharged periodically at convenient times.
The main point is that the carbon dioxide is under suf-
ficient pressure tc liguefy at a sufficiently high pres-
sure and temperature that dry ice is not formed, It
would be necessary to dry the carbon dioxide before ligus-
fying if this route is chosen.

3. Air QOperation

If air is available from the surface, the hydrogen gen—
erator can be run at various rates depending on the pres-
sure at which air is supplied to the burrier. If it can
be compressed to 450 psig elsewhere on the submarine, the
hydrogen generator can run at full ragte. Approximately
66 KW would be required to operate the alr compressor at
the 70 1bs/hr. or maximum hydrogen rate. The combustion
volume in the aqueous methanol feed vaporizer is sufficient
to allow operation at a 30 lbs/hr. hydrogen rate at atmos-
pheric pressure. However, operation at atmospheric pres-
sure i3 not practical since there must be suificient
pressure on the flue gases to overcome the pressure

drop through the reformer and other heat recovery

VI-9




VI, DISCUSSION OF CHARACTERISTICS - contd.

equimment, If considerable operating time on air is
contemplated, furnace operation at a substantially lower
pressure with compression of the carbon dioxide from the
submarine when it is submerged may be more economical
overall than the present design.

In order to switch from oxygen operation to air operation,
the burner may have to be changed depending on the maximum
hydrogen rate required when on air generation. It will
definitely require changing if low pressure air 1s used
in cne case and high pressure oxygen in the other case.
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In the preliminary studv and the preparation of the final process and
mechanical design of a prototype unit, a number of problems were
encountered, The solution to some of these were readily obtained
after investigation and evaluation of the factors involvedes In some
instances alternate solutions were apparent. When these occurred a
weighted choice wmns made between the certainty of present knowledge
and the advantages that might be gained in this particular application.
In other instances a degree of uncertainty necessitated assumptions
which will require experimental verification.

A. Process

In general the process steps chosen have all bsen carrded out
in one form or another in Girdler?s laboratordies, pilot plants
or commercial plants. These inelude such steps as the followings

1. Pumping and vaporiszing methanol, sondensate and
liquid oxygen.

2. Bumer operation under pressare on oxygen tenpered
with condensate and combustibles such as methanol and

hydrogen containing purge gase.

3. Catalytic reforming of methanol with steam at
600 to 800°F. with oxygen injJection.

4o Purification of ocrude gas by palladium diffusion.

5o Methanation of residual carbon oxlde to protect
fuel cell from sontaminants in case of minor leaks.

6o Cooling and saturation of produst hydrogen.

However, condltions used in the process design give rise to
uncertainties concerning reaction rates, selectivity and thermo-

© dynamic equilibrium., These further are assoclated mainly with
the catalyst which might be considered the very heart of the
process. 4 great deal of catalybic data has been developed in
Girdler laboratories on the resctions. However, the actual
performance of the catalyst in the proposed unit and specifically
under the conditions used, requires sxperimental verificatior.
Adotual factors to be developed experimentally inelude the
following:

1s Seleoctivity of the catalyst for suppressing methane
formationit Since there is a large thermédynamic potential
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for this reastion a large amount of methane evuld theoretlisally
be formedo An apprecizble amount could be tolerated in the

oruds product, since ths purge gas is used as fuel, In this
design, methane in the crude gas was assumed to be 1% by

volume sinsa catalyst data Indicates that the desired selestivity
can be obtalned,

2, The degree of somversion of methanol at the chosen
conditions: Indications are that high catalyst activity can
be obtained. 4&n approach of 100°F, to thermodynamie equili~
brium was used in the designe.

30 The activity of the cabalyst for the water gas shift
reactions Data appear to shew that carbon monoxids will
approach the equilibrium value over most catalyst that are
active for the methancl reforming reastion. 4n approach

of 100°F, to thermcdyanic equilibrium was used in the design.
Palladiwm will catalyze the reacticon so that further conversion
of the 00 will be cbtained in the diffuser. No credit has
been taken for this in the design.

Le Suppression of other wumdesirable side reactions:

The generation of warious organic produscts and the formation

of earbon are mainly suppressed by the use of & selective
catalyst. 4 sufficient gheam to methanal ratio 1s important

for suppressing these ragctions ag well as for controlling

the final equilibrium of the Hy-H, 0-C0-00, constitubents.
Bxcessive steam resulbs in larger equimment and loss in
afficisncy. A& stsam io methanol mol ratio of 2 to 1 was chosen as
beling ressonable with some reduction possible by experimental
Yerificatione

50 Heat loss from the unit: The heat loss from equipment

of this kind is subject to fairly precise calculation.

However, because of the nature of the space requirements and
unusual equipment conflgueations, calculations becoms

somewhat wicertain, Past experience with similar wnits resulted
in the use of a valus of 50,000 BTW/hr, which is believed to

be conservative, allowing some flexibility for balancing space
for inzuiation against cverall efficlency,

be BEffect of polsons on palladium diffusers Certain
sonstitutents are known 3¢ be poisonious to the palladium
sllwver allecy surface. Mogt of thess are temporary although
inorgamwic salts or mstals could adversely snd permanently
affect the performsnce of a palladium diffuser, With the
proposed feed no polsoning is expected from the material
being processed. Other than the hydrogen the consztituenis

ViI-2




VII. DISCUSSION OF DESIGN VERIFICATION - contd,

Be

in the crude reformed vroduct will be essentially insri.
Catalysis of the CO-H,0 reactlon is expected but should
not have any adverse effscts. Methanol is 1ot reported
to be a poison and tasts in Girdler?s laboratory appear
to confirm this so that wconverted methanol in the crude
hydrogen: to the diffuzer i1s assumed to be hamnless.

7o Reformer heat fJux: To determine the mmber of estalyst
tubes, the heat flux had to be chosen based on past experience.
The ultimate capacity of any configuration is related to the
catalyst activily as well as the allowable heat flux, The
effect of temperature gradisnt on catalyst 1life and activity
will be the main factor in determining the ultimate capacity
of the unit, Experimental svaluation is required to establish
this point,

8, Catalyst life: In addition to the factors mentioned
above, the catalyst life must be determined expsrdmentally
with relation to production rates and operating conditions.

9. Oxygen reactant: In cider to improve the rasponse time of
the hydrogen gemeration, oxygen injection directly iImto the
reactants is used. The reforming reaction as sarried cut over
a special catalyst at temperatures of 600° - 800°F, but the
activity of these catalyst for the oxidatlion reaction must be
established, The altermative is to use a two bed reactor with
separate catalysts to promcte the two reactions. This is known
to be feasible but reguires experimental verification to ensure
the success of the oxygen injection featurs.

ipment

1. Moving equipment and noise generationg Uliimately,

after the construction of a prototype unit, the equipment
will regquire a severe test for reliability. Items involving
moving parts such as pumps and valves will require close
evaluation. It is felt that these items sre fairly pre-
dictgble esperially if proper control of specifications and
inspection is exercized, Howover, noise factors must be
determined in the final unit although experience with similar
units indicate the problem of minimizing the noise is not
ingurmountable.
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2, Mgh pressure burners Experience with pressure burners in-
dicatesthat some improvement is desirable particularly with
respect £0 1life of bwmer tips. However, in thls respect it
msy be that a solution involving mmltiple burmers or mechanical
ease of meplacement can be developed after some experimental
téﬂtingo

3. Pressure drop limitation of palladium diffuser: Commercial
experience with palladium diffusers has been limited to
pressure differentials aocross the palladium alloy tubes of less
than 300 psi. Experimental work at high pressure differentials
indicate same uncertainty because of tolerance varlation with
commercially available palladium allcoy tubes. Indications are
that this problem can be handled by internally supporting the
capillary walls with a porous inert material.

Ce Instrumentation

The design of the wnit has been predicated on fully autcmatic
operation with no operator attention except in the case of startup,
shutdoun or abnormal conditions, For static conditiorsat some pre-
determined production rate the control system is predistable and no
unusual problems are expected.

Rapid rate change is one of the requirements of the unit. Con-
ventional metheds of sensing control points, adiusting flows and
pressure lsvels and normal controller antieipatory ability can be
used., However, it is proposed to make use of computer control to
augment the anticipatory function as well as to analyze performance
and modify the program as required during the life of a rme. By
this means thxe response can be increased many fold and peak per—
formance enswred at all times.

For computer control a digital machine is required and is assumed
to be part of ths sulbmarinc control systeme If linis should not be

available an analog system could be used.

In order to obtain the optimmm design for this type control, the
construction and operation of a prototype unit is essential. The
basic items to be studied would be the dyma.nﬁ.o characteristics of
the system and the effect of loggsd tims on the characteristiles,
Another related item would be the optimization of the oxygen
injection system.
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D. Experimental Plan

From the abovs discusaion it is apparent that uncertaintitles
that requirs experimental verifileation fall into two categories.
The first group involving a number of process problems can best
be studied in s bench scale or :mgll pllot plant set-up. The
second group involving equipment and control problems can best
be studied in a prototype unitv.

Thres approaches are possibls to the experdmental programs

1, Carry out bench gcale program before proceeding to
the prototype unit.

2o Carry out bensh scale program and prototype program
simultansously.

3. Carry ocub all experimental studies on prototype unit.

Either (1) or (2) are rational approaches to the experimental program
with (1) being preferred unless time schedules are overriding.
The thixd 1s the least desirable begause of the difficulty of
physically carrying out the required studies om the highly
sngineered prototype plant.
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SUPPLIER
GIRDLER CORPORATION e o
LOUIBVILLE, KENTUCKY DATE REF,

‘ EXCHANGER SPECIFICATION SHELT NO. 5)411&"3-1
_CUSTOMER U, 8, Navy GIRDLER JOB NO, 131-541% " '
ADDRESS CUSTOMER'S REF. NO. NOBS 86743

PLANT LOCATION ENG'R__MWO cHeck __pate 9/27/,
_NAME_OF UNIT____ Methanol Feed Preheater 800 Line ' /1
__NO. OF UNITS REQ'D. 1 ITEM NO. __E-1 3] Ling [/
_SIZE TYPE BES o] vine [/
SURFACE PER UNIT 18  pER sHELL 18 SHELLS PER_UNIT CONNECTED IN
PERFORMANCE OF ONE UNIT
R SHELL SIDE TUBE SIDE
FLUID CIRCULATED Flue Gas Condangate & methanol |
_TQTAL FLUID ENTERING - wol/hr, 56,75 42,54
VAPOR
LiguIp mol/hr. Lp,5h
STEAM _mol/hr. 39.79
e NGN.CONDENSABLES mol/hr. COz = 16.96
_FLUID VAPORIZED OR CONDENSED
_STEAM. CONDENSED
_GRAVITY - LIQUID
_VIECOR Y ZLIQUIR
_MOLECULAR WEIGHT = VAPORS
_SPECIFIC_HEAT —~ L1QUIDS BTU./* B.T.U./$
_LATENT HEAT— VAPORS B.T.U./® B.T.U. /%
reMPERATURE N/ ouT 800 /__bL50 4 150 /350 °r
_OPERATING PRESSWRE, INLET, 360 #/80. IN. —__kso - #/8Q. IN.
_MUMHER OF PASSES 1 ) Multi -
_VELDCITY FT./8EG. FT./8EC.
_PRESSURE,_DROP #/8q. IN. #/89. IN.
__FOULING RESISTANCE 0.002 $Q. FT. HR. ‘F/BTU 0,001 8Q. FT. HR, *F/BTU
_HEAT EXCHANGED —B.T.U./HR. 117,000 , M.T.D. (CORRECTXD)

[RANGEER RATE - SERVICE CLEAN

CONSTRUCTION

_DEFIGN PRESSURE 400 #/8q. IN, 500 /50, IN,
_TEST PRESSURE Per code £/5q. IN. Per code £/50. IN,
| DESIGH TEMPERATURE 850 "w 500 °r
_COMFINED GASKETS REQ'DT Yes Yes

| CORROSION ALLOWANCE None None

connecrions — v/ our / ?
| Tubns AZl? tp 304 No. 0.0.3/4" Bwe 16 LENGTH 4! pircH 15 /16 'Lavour _tri
_SHELL “A2h0 tp 304 1.0, 0.D. THK, OVERALL UNIT LENGTH

sncut. coven  A2HO tp 30k FLOATING HEAD cOVER ASHO %D 30’4
| CHANPMEL A2h0 tp 30’4‘ CHANNEL COVER Integrg,l h_o_!l

TUDE LHEETS — STATIONARY A240 tp 304 FLOATING A240 tp 304
DAFFLLS -~ CROSS A240 tp 304 SPACING THK, TYPE
BAFFLE = LONG TYPE THK. TUBE SUPPORTS THK.
_GASKEI'S, CHANNEL S.5. jack, asb, souys, iNTeRNaL __A193 - B
_GASKRTS, ELT, HEAD SIS‘ JECR- B.Bb. BOLTS, EXTERNAL, A193 - B’{
_GASKETS. SHELL 8.8, Jack, asb, nerons 304 8,1,
cone nuquirements 1962 ASME STAMP Yes seec. Oirdler ED-EL & TEMA "c"(1)
_WEIGHTS - FACH SHELL e BUNDLE FULL OF WATER :

_OUTLINE DRWG. NO. I GASKET DRWG. NOS.

NOTE: INQICATE AFTER EACH PART WHETHER STRESS RELIEVED (5.R.) AND WHETHER RADIOGRAPHED (X.R.)

"remaRks—— (L) Also Navy -shockproof equip. spec. MIL-8-901B(NAVY)dated 4/9/5h applies,
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TORM NO. G.743 REV, 8:85 S0, PTY. CO.

SUPPLIER
GIRDLER CORPORATION SHOP LOGATION
LOUISVILLE, KENTUCKY DATE y—
EXCHANGER SPECIFICATION SHERT o, 5hlb-E-2

CUSTOMER__ U. 8, Navy

GIRDLER JOB NO.

ADDRESS

131-541 - _
CUSTOMER'S REF. No. NOBB 86T

PLANT LOCATION _ENG'R _MWO __ CHECK_ _pate 9/27/4
NAME OF UNIT ___ Flue (as Cooler B Line [/
NO. OF UNITS REQ'D. 1 t __ITEM No. __E-2 80 e [ 1
SIZE TYPE BES 80 Line / -/

| SURFACE PER UNIT Ul  pER SHELL L SHELLS PER UNIT 1 CONNECTED IN -

PERFORMANCE OF ONE UNIT

__SHELL SIDE TUBE SIDE
FLUID CIRCYLATED Flue gas Cooling water
TOTAL FLUID ENTERING - Mol/hr. 56.75 2,45
VAPOR
LiquID
STEAM Mol/hr. 39.79
Non.conpensabLes Mol/hr, COpz = 16.96;
_FLUID VARODIXIMXOR conpenszn Mol/hd. 39.21
_STEAM CONDENSED
_GRAVITY - LIQUID
1_viscosiry - Liquip
__MOLLTULAR WEIGHT - VAPORS
_SHECIFIC HEAT — LIQUIDS B.T.U./? 8.7.u./%
LATENT HEAT ~ VAPORS B.T.U./# BT.U/8
_temrerature n_/ our 450 / 200 g 9% / 115 °F
_OPERATING PRESSURE, INLET ' 355 #/sq. IN. 50 #/50. 1IN,
_NUMBER OF PASSES 1 ) Multi
_VELOCITY FT./SEC. FT./SEC,
-PRESSURE DROP : #/5Q. IN. ¥/5Q.1N.
_ FOULING HESISTANCE 0,002 §Q. FT. HR. *F/BTU 0.001 5Q. FT, HR, "F/BTU
_HEAT FxcHANGED —B.T.U./HR. 882,078 M.T.D. (CORRECTED)
TRAMNGEEI HAFE — SERVICE CLEAN
CONSTRUCTION
DESIGN PRESSURE Loo £/5Q, IN. 5 #/6Q. IN.
. TEST PRUSSURE Per Code 2/8Q. IN. Per Code #/5Q. IN.
- DESIGN TEMPERATURE 600 " 400 "
_COMEINED GASKETS REQ'D? Yes Yes
. CORROSION ALLOWANGE None - _Nope
_COHRMECTIONS — IN / ouT / }
_rusts A213 tp 304 No, 3'/14." 0.0.3/4" swa 16 LENGTH 41! PITCH lS_jlﬁ'LAYOUT trd .
_shetk ADHO tp 304 1.0, _©.D. THK. OVERALL UNIT LENGTH
_sun.cover AShO tp 30b FLOATING HEAD cover A2hO tp 30k
cuannee _ ASLO tp 304 CHANNEL cover __Integral bonnet
_TURE GHEETS ~ STATIONARY A2LO tp 304 FLoating Aok tp 304
_BATFLES - CROSS Aoho tn 304 SPACING THK. TYPE
_____ FLE — LOM TYPE THK. TUBE SUPPORTS THK.
_easkrrs. coanner 8.8, Jack, asb, BOLTS. INTERNAL ___A1Q93 B8
_Gaskers, FLT. HeAD 8.8, Jack.asb. BOLTS, EXTERNAL __ A193 BT .
LGASKETS, BHELL Se8. Jack. asb, “TiERODS 30k 5.8,
COLE REQUIKEMENTS _ 10AD ASME stame___ Yeq spec.  Girdler ED-FEL & TEMA "C"(
. ,WFIQ'[!“S:_:_E!AC”_E’HELI:.__ - BUNDLE FULL OF WATER -

_OUTLINE DRWG, NO.

| GASKET DRWG. NOS.

_MOTE: [HDICATE ATTER EACH PART WHETHER STRESS RELIEVED (S.R.; AND WHETHER RADIOGRAPHED {X.R.)

CREMARKS:—

(1) Navy_ahonkprom‘:qﬁqnipb.spec“Mmza-golBiNAﬂl_dated_!&,Lg,lﬁhwappliaaL_:
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FORM NO, G.743 REV. 8.8¢ 8TD, PTC. COQ.
SUPPLIER
GIRDLER CORPORATION SRy -
LOUISVILLE, KENTUCRKY DATE o REF.
— o = BTt
i i ] EXCHANGER SPECIFICATION 8illis7 NO. ')'ll-lll--E 3
" 1 LCUSTOMER ___ U..S. Navy GIRDLER JOB NO. 131-541h
2 | _ADDRESS_ . CUSTOMER'S REF, No. NOBS 86743
s |_PLANT LOCATION . ENG'R M0  cHECk DATE 9/27/52
4 | .NAME OF UNIT __ Oxygen vaporizer 5L rine {_.
s | MO. OF UNITS REQ'D. ITEM NO, E-3 20 wine / /_
s | SiZg ___TvPE__Double Pipe "U" 2l vine !/
7 |_SURFACE_PER_UNIT 3 _PER SHELL 3 SHELLS PER UNIT 1 CONNECTED IN
PURFORMANGE OF ONE UNIT
, e SHELL SIDE TUBE SIDE
i . 8 |_riuip ciRcuLATED Liquid oxygen Water i
g ¢ | 10TAL FLUID ENTERING 7.9% mol/hr 88 gpm_ (1)
H 10 . ..._._VAFOR
! il Liquin . 7.9% mol/hr 88 gom
| 1z STEAM o )
s3] NOM-CONDENSABLES .
14 | FLDID VATORIZED OR QRIMDERRNN . T ,gﬁ mol [hr
W] S0 AM CONDENSED .
16 | _Gruavhiy ~LIQUID e e
77 | vroe Ty~ LiQuim P
18 | MOLICULAR WEIGHT —~ VAPORS R
19 | “FECIVIC HEAT - LIQUIDS | B.T.U./# BT U R
20 | _LATINT HEAT - VAPORS B.T.U./* BT.U/P
a1 | miseesoe in_/ out - -297 /_60 *F 1s /s e
22 | orLEATING CitESSURE, INLET 450 #/50, IN. __.50 £/5Q. N
{23 | HUMP G OF PASSES 1 ' 1 -
aa ) vieeay o FT./SEC. e L FT/SEC,
25 | L sLURE BROP, #/8q. IN. I 4. I 1
2o | rouL g uesisTANGE 0.001 ___ 8Q. FT. HR. °F/BTU Q.001 $Q. FT. HR. "F/BTU
2 | A scnanckp = BT.Y./me. 2,400 . M.¥,D. (CORRECTED) L
S THAN SRR RATH - SERVICE CLEAN
o ' CONSTRUCTION
20 ] oo PRLGSURE 500 #/6q. IN. '15 7/5Q. N,
Ao ] Gy PhensURE Per code #/5Q. IN. Per code #/5Q.IN.
31 | TG TEMPERATURE =307 to 150° F =307 0o 150 °F
a2 | LUTL IDED GASKETS REQ'D? ) | .
33 | CUuiHEHION ALLOWANCE 1/16" 1/]6 i
as | connienons -/ our 1" 300# RF /1" 300 RF_11-1/2" 1504 RF/1-1/2" 150% RF
as | roern SA 312 tp 304 éag_Ng_L“ U __op.1,9" swe. Sch ko LengTH PITCH LAYOUT (3)
an| nia SA 312 tp 304 mx on.  3.5" "U" rilich 4OOVERALL Uit LENGTH _31-§"
ay | L.l_()_V_l_._l‘\ FLOATING HEAD COVER
0 f onaanEl . CHANNEL COVER
a6 | rune s e S STATIONARY FLOATING _
ao )] vorivee—crogs , SPACING THK. TYPE
arl e ens ____TYPE THK, TUBE SUFPORTS THK,
a4z | GASGY, CHANNEL None BOLTYS, INTERMNAL
as | s B neAn BOLTS, EXTERNAL
Caa | wecersosnen.__ None o TIERODS
at | cons woumcunrs | 1962 ASHE stwe_ Yea _ ___seec_Girdler ED-E2 & TEMA 'G" (4
an | wanenrs AT SHELL BUNDLE FULL OF WATER
, A7 | U I DR G, NO. e e I _GASKET DRWG. NOS.
i A | DI 1HPICATE AVTER CACH PART WHETHER STRESS RELIEVED (S.R.) AND WHETHER RADIOGRAPHEL (X R.)
a9 | RUMARES - (l) High rate of flow is intention&l,_no_t_r_eq,'iformdquJZl Jupact . teat
so| req'd per code. (3)_ Inner pipe welded into_outer pipe.both _ends of "U".
61| _(4). Nayy_shockproof. equip. spec. MIL-8-901B (NAVY) dated 4/9/5h applies.
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Supplier, . . ... -

GIRDLER CORPORATION [ubi o
P. O. BOX 174 Shop Location : -
LOUISVILLE 1. KENTUCKY Date o ...._,...._.....R’-?f. .

i

RECIPROCATING PUMP SPECIFICATION SHEET po. 5414 -P-1

1 Girdlexts.Custamer . Ue 8. Navy CGirdlex Job No... . 13%-581 °
cf Addre sy i woo. Customer'sRef.No. NOBS 86743
SLRIant J.ocation Engr, M0 Check lla__c‘__lof_l,léz,.._,_.._._‘
U Naroe of Pump Methanol & Condengate Feed (Process) Rev -
5|Ivem No, _ ... .P-1A& P-1B {(Puplex) .. __ . . o Rev..
-6 N Reeg'd 8 Power Steam Proaportioning Revy,
OPERATING CONDITIONS
I il J*ur\p(:cl_(él Methsnoli (B)Condensate . . |DesignDischarge Pressure. Aao__gsps,ig,-
Bl Suciion Temp,(A)_30-85; __ (B) 100 - -_20_0______'_’__ DesipnSuction Pressure(A)0-320; (B)0-39Psig.
W Gravicy @ 60°F(A) 0.795; (B} 1 DesipnDilferential_Pressuve (3) psi__.
10} Viscosity (1) Gp @Sugl-lmx..’.[‘_man.-..., I\LPSI:L__DP&;@{R_(AL 16; AR 6t
1 Vapor_Pregsure.(2) _psia @ Suction Temp. |NPSH, Require d___ . - {t._
12|Steam % Saturated |Capacity @ Pumping Temp,, Normal____ gpro
18 nrrent Chare P(n Volt93 Phase 00 Gycle Capacity @ Pumping Temp,  Doesipn (13111)
- P-1A; 1.21 gpm
SPECIFIC ATIONS P-1B 1.07 epm
I M. Size & Model N S, . . e
15 Cylinder Degign Pressure X _psi|Brake Hp, Neormal Degipn
16 steamEnd DR, __psi T.R psi|Steam. Rate fihr. Normal ____Des
1{|Suct. Flange .- Steam Lig..Thd. ___IMatorRecommended  Hp REM
18D isch.Flange - Steam Lig. ..__Thd, Lum_.l_amhs;iummhc.ihy___,ﬁmp_mﬁr
19 atanSpeed .. ftZmin, rpoRDrivexs tobe mounted by :
o0, M Muin §he lft Gear Shafy : Type drive varisble speed  Guard |
21 Gear Ravio ... Type cplg _EE.JJL.nn.eq,._.__._.ﬁu:u:Jl_yeﬂ_ﬁ
221 9uGlien ¥alye Qize No, Stufting_box
24 Avea, sauin, oo VOB /min, . llantern gland
oll Disch Valve, Size No, I Lubricator
260 AvCdy $Gaitle et e . Veb ft/ming o _ | Relief valve
26 Bficienc w.Yolumelric S Mech, Yl Gapacity adiustment  Yes (L)
ADDITIONAL FLUID INFORMATION
2/l Abvasive Sotids . —— e e
28 Lubricaling Propertics N
20 Special Currosive Properties {pH =

MATERIALS - LIQUID END Mfr. std. for service.

3q Cylinder ... ) e e amnmn e eaer i st ANalves L L ]
34 Lince Yalve Seats
32} Piston - Valve Springs
33 Piston Rod Vaive Bolts - -
3N Biston Facking
39 Pistun Packing Gland N ]
I Base Platd :

_ GENERAL INFORMATION
ANct Wi, Pup & Base . Looling Water GPM @
A “_{_t;,',)?_[,.. Pump Only ~Motor USSR I 1113 AT TR T IS e
5':{, snensian Pring bia Adestse Ipdra o pishe.Qther R
Lt ‘-,Jdumn aloeecificitions AV T lu.JLHE 1. 1, Gp. D
L

L

dRemarks: (2)(A) 0.8h - 0.63 (B) 0.73 = 0.29 _(2) (A) 0.52 - LQL,_LBl_l__alZ_ﬂ)_m_’iﬁﬂ,
{B)100 - 450 (4) Varisble apced drive must

dend ditgelf to a

li{ manual _stroke adjustment while pumping is req'd on both heads, Combination of these controls

L

mugt allow turndown on P-1A to 0.06 spm and P-1B to 0.05 gpm.




GIDLER CORPORATION puppter. T
P, O, BOX 174 Siop Location e -
LOUISVILLE §, KENTUGKY Dare e Rl
e |
REGCIPROCATING PUNMP SPLECIFICATION SHEET No. 511-11#*?-2
Helardler)s Gustemer. UL 8, Navy Girdier Job No, 131-5414
Aaddresgs . -Customer's Ref. No, NOBS 8ATYH3
S Plant l.ogation, C ¥ngr, MWO Check Date 10/1/62
b Nare of Pump Methancl and Condensate Puel —~ Rev,
y _[’_{.m‘]\]o.___‘ " P-2A % P-2B (Duplex) ___ __ Rev.
<6l Mo Regtd 2 Power Steamn Proportioning Rev.
OPERATING CONDITIONS
5 uid, PPurnped (A) Methanol:  (B) Condensate . [DesignDischarge Pressyre nsig.
MSuction Temp,(A) 30 ~ 85 (B) 100 - 200 __ F DusignSuction. 1—’_13}5-,111(,( _)0_3_20,_@)___35@» sig.
NG ravicy @ 6H0° E(A) Q. '195 (B_),_l_ — o ADesipnDiffereptial Pressure 3_)_mp=,1

P W0 Viscosty (A Cp.@F uction Temp. . _|NPSH, D¢ ls,n___--._(AJ 16; (BY 6 it._

g T Vapor Pre g,;,u: o «_{2)_____1)51.1 @ Suction Temp. |NESHL, Required_ R | P

v 1208 cam paig % Sararated  (Gapac Hy @] Pumme 'h xnp . Nurmdl gpm

Sl Garrent Ghs n“‘ofuo‘lolfqa Phase 60 Gycle Capagity @ Pumping Temp. Desipn g

; _ P-2A; 0.24 gpm

SPECIFIC AT IONS P-oB: 0.48 gpm
A Mir. Sine S_Model e v e e e e e e e

SAntCylinder Desjgn Pressure L psi Bldkc I__D,_ Nor;nal e _.De *uyn

CIGSteamind DO L psi T. }l.w,«__.__ﬁ___._. pat|Steam Rate i o Normal Des.

DV Syct.Flange - Steam. liq. Thd.  __ _|MatorRecommended  _Hp RN,
18 risch i lang: - .‘.m..\m Lig. Thd, DJJMLL@LQJLJHLMCQDL.PB@M
19 glan pue 'i-__ . ft/min, rpmDrivers.tobe mounted by
COLRIZM, Mayn_Shaft Gear Shafg Type drive variable speed  Guard |
2 Guar.Ratio, e vt o — Type cplg.  _Falk or eq Guard _ Yes
22l Sustien Valyr, Sine No, Stufting hox
e Avea, sq.in, Vel ft/min, . llantern gland
i Disch Valv, Size No. . _|Lubricidor
2ol Avea, squine. o . Vel fthmin. ] Relief yalve
2L ie neyy Volupie h 15 v _Meclh, Yo Capacity adiustment Yes (U4)

‘ ADDITIONAL FLUID INFORMATION
oAb vasive Selidg, e e e e
20 Lubricating Pronperlies e
solSpeciat Garrusive Properties {pH =

MATERIALS - LIQUID END Mfr. std. for service
MICyInder Lo e e et e e | ¥ alVES . i
RIS B O 1 VO S - ,_._.‘{Ath Seats
B I e e U GO . £+ Valve Springs
34 Piaton ol Vaive J3olts L
SHE Pisten Packing .
3 I"\ foy Packing Gland — B - o
3( ALY s__}"‘ XN

GEMNERAL TNEFORMATION

Fliier Wi Pump & Dase - Conling Waler GPM @
Bloes W, Pamg ("m{y_ I T LV AV T Insjpecton e e e e L
1 !i/ Parnsior aing Twestss Hyvden _psig;ther ]
Lot ’.Uw' ob e 1..11)1 .!1;1“_ e I Notor, ',L, lanure. Ql,.__I,__Gp_.__D,,,W_____
T (1) (A).0.841 - 0.634; (B).0.73 - 0.29...
RO (A( 0.52.= 3,0h (BY 122 .. (31(A) 130-k50; (B) 100-k50 T T
i (h) Varinble 'mccd drive must lend Purr‘h'mer e

1.().( Juatuent while pumpm,-;l 1o reqid

: turndovn. .on P-2A_to_0.0

on poth heads. Coubilnation of
ppm and. P-2B . to 0

itsell to automqtlc control blﬁ

0lso ma ual st
; 'rl ro

ese controls’ tuat

02 gpm...

e———— aee s o se—

e
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i FOLHGVILLE |, KLNTUCGIKY

SR — ) J—
REGIPROCATING PUMP SPECIFIGATION SURET No, ShIA-P-3
(i1 rdter Job No, 133-501L

e

HGodbuly Gusterner U, B, Havy
5 N (}ll Fiosis e e T T e s e c u;;[QIY}A("L‘_IAF‘ RS'f—tNQJ-NOBS %7’43 = i
S JLocation o .._.‘,__,,h__.m::ﬁ_: o S M0 Chegl Date 10/1/62

e,

Mg of Fanp Make-Up Condensate Pump T REV.

—~—

ol No, Pe3 ——— , CREY. e
AR ald 1 Power 8tenm Bropartioning Rey.

OPERATING CONDITIONS
l‘,)«:siguD_isrhi.‘u:g,:..Er.,gzwmts: 350 naig.
_100_ “F {pugippSuction Pressure e naig]
T NesinpDifferential Preagsure 350 psi
ign - .18 14,
i Lt ]

N )i Poaped _Condensate
Sucrion Temp,
. ;’; Goodty @ o0 3T DesignDs
L Visicos VY. “""'*“w-—g«‘ﬁvﬁp*@Su,clim)...'.[‘.u.mn;, ANESH.. D )

umping Temp. , Normal __ gpm

1 X}u parLestsnce 1. psia @ Suction Tenp. NE&H"-‘,B‘%HP
<prrlednn popuig % Sctarated,  |Capacity @ P - .
" - y SNy { B ZALE S LR AN ] S04 4 SE IAd S50 - v ' s
r;‘c'«fg,fn 1ta3 Phagse 60 Gycle Capacily @ Pumping Temp., . Desipgn0.2  gnm

PG urrant Char®2Pho Vo

SPECIFICATIONS

W MEv Sl b Modal T T Bamio
.1.‘ Cylindar Design Pressure ) e __psi|B ;j;lig_,}iﬁm_l.\l@f,I.H'?.I.-N-_,.mw-—-e-?—t‘f:-‘l
I4SmamFnd DP _____ _psi T.p_ e P Steam_ Rate . Normal bes.
3flSuct, Flange - Steam.___ L. . ~|MotorRecoomended _Hyp , REM
1t el Flang: ~ Steam._ . Ligq. _{Driyerstobefurnished by Pl-:mp mf;r‘ .
19L13}.s.z;mx.s;gux:dm__ . ft/min, _rpmDriverstobemounted by
20 REM. Main Shaft Gear Shafl Type dri i ed__Guard
M Guir Ratio - Type cplg—Falkor ed. . Guard yes
22 m‘ Aiulk!it;){ih Si A No) S‘“,{_’ ing.'box
e Arca, aquin, Vel, ft/min, {lantern gland
ohfDisch Valye, Size No,_ {Lubricator
2D AYCH,LsQune. Vel ftfmin. Reliel valve
24 Brficicney Volimelein % Meeh, 9| Gapneity adjustment Yes; vhile pumping (1) |

ADDITIONAL FLUID INFORMATION

&f} Abvasive Solids, e i e

e b e e Rt ame et e o

e e e e e o e e e

Ao

28 Lubricating Properties ]
29 8pecial Courrosive Properties {p}l =

, MATERIALS - LIQUID END  Mfr. std. for service
3d CY.“)I.“S‘.’..‘L..-“\_4,4.._.“..._,_,_,_________;_._‘_, e o __[_V alves . _})‘E“ ) .- St e e :
31 Liner, Valye Scats [N .
3 Biston.__ - Yalyg Speings.

33 Rzﬁhfe.&.}ii‘_‘-.{_“‘ Valve BOLtB ‘ -
3 Riurin Packing .
39 Plston Packing Glupd. e e e ]
M Baag Plyte

GENERAL INFORMATION

Cooling Watey

GPM @ ]

3N Wi Ty & Base
30 et W Purog Only — Motor

mypeetion T e e e

adecrwangion Reint Na Aeste Iyden psigither
llf Additienal § e ification ﬁ........;...._._,_.m-.,.w.......—.m._...._._ ‘‘‘‘‘ Nt b Jlosure.Cl. I, Gp. D
WA Resnin 42.-{1). Combination of_varisble speed.and_strokea. adJugtment,_“mua,t.ﬁl,l...qw.-m&ndgwn_,bgmf

1|L‘ . - s

-
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Tmen s

Bsupprlier,

' GIRDLER CORPORATION

P Q. BOX 174 \'S.]'.Op. LUC\'I'"]C!“ o s “"""““":;'-
» . LOUISVILLE 1, KENTUCKY date.. oo . Ref.
ii ; ) . ﬁ-—-\-‘—l‘-.- e
. RECIPROCATING PUMP SPECIFICATION SHEET No. Sulb-B.y
UGirdierls Customer. U, 8. Navy wme - Givdlee oh Na.____ LIL-DO0LL ~ '
2 Adelrrgs ‘Customer's.Ref, Na. )
sLE s Legation Eingr M0 “Chegk oL 9/08/68
b Nasne_of Paro) Liguid Oxygen Pump Reve
SLivm No, _ Bl e . Rev. -
<6 Mo Regld 1 Hownr Sieoam Proportioning Bevy, py
OPERATING CONDITIONS
T Fduiel Runped . Ideuid 0o . . g - | PR8IBNDAscharge Prousury__ 180 1)
WSuarion Temp, =297 - CF. DepignSuckion Pressura. _,i_Q____,“]nH:
Gy @ 60°F Qas__ RegignDillerentlal Prewsuve  48o_ . pwie
10 Viscositty. . . . . Cp. @Suction Tempe .. |NPSH, Degign A reqd ..
Ul vaper_Pregsure 1.7 paja @ Suction Temp. INESH, Required . 77770
Wsicam paig o Saturated. _1CGapacity @ Pumping “'emp, , Ny T g
L Guarent Ghar, Yelta  Phase Cycle Capacity @ Pumping Temy Deajpn 0,4 ALy

SPECIFICATIONS

I MIe St & _Maodel . : i e e s o _

151 Cylinder Degign Pressure psi|Brake Hp Normal Dedlyn

6 SteamFed DR ___psi TP pal|Steam Rate dhvoaNormal Doy -

17 Syct. Flange = Steam. Lig. . . —-4MolorRecoramended Hnp “_m
18 nigchFlang: = Steam Lig Driverstobe furnished by Pump mfy, ,
Ly istonSpued ftfmin ——tpmDriverstobe mounted by " W - -
20| R M, Main. Shaft Gear Shafl Type drive Gear Gunrid

2l Guear Batio__ — T)’.De...cp].pﬂ____l“j,_lk_gr__g_q_,___g d_Xen
22 Suclipn ¥alye, Size No, Stadling box . surd

23 Arna, _aq.in,_ . Vel ft/min, laantern_gland

ahf Disch Valve, Size No, Lubricator

2¢

25 Avea,. 8Quiie. . oo Vel ft/mine . __ | Reliel valve

Iifiriency Yolumetric % _Mech, Yl Capacity a(@ﬁmnmmmmnun_

ADDITIONAL FLUID INFORMATION

o[ Abrasive Solids . S e
28 Lyhricating Properties
20 Specianl GCorrogive Properties {pH «
®
Mfr. Recommend MATERIALS - LIQUID END
G Cyliwder, SEN——— £ ) 17 -1 S -
3 Lincr .. _ Valve Seats
3¢ Piston__.. « Valve Springs
33 Piston Radd Valve Bolts -
34 Pistan Packing
38 Piston Packing Gland ]
A Base Plate
: GENIERAL INFORMATION
JZl‘¥‘~'.£_'_..‘\_‘.’._'_.--_.,,.*1‘.'.9:11‘!‘* base ' Laulivg Water GPM @
Nyl W, Parep Oy o Mater P inspection . -
i3 3( Poensier 2ring Lin . este: Hydro JsigQiher
III At !.f‘.J..‘.':fii’;L'.[iJ;‘JiS, N o Muaclabsyre Cl. 1. GP- D

i
[

celuteh arrangowent. ) L)

foeen e (1) Must be able to_turn. down to 0.02 opm,..either by stroke, adjustment, or by
verinble drive or both. Varlable drive may be elther a direst current device or a mapnotic

. vmemen S By v o————— maan e .,

.

[
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UNCLASSIFIED




